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THE GAMMA-RAY MEASUREMENT OF RADIUM 
By i BO ODDIE, NiSc., A INst.P, 


Physicist, Commonwealth X-ray and Radium Laboratory, University of Melbourne 
Received 21 November 1938. Read 9 Fune 1939 


ABSTRACT. In preference to calculation, experimental methods have been used for the 
determination of the obliquity and absorption corrections that must be applied to the 
measured content of a rectilinear radioactive source to find the true content. A two-stage 
bridge-type electrometer valve amplifier has been used to measure the ionization current 
produced in a cylindrical ionization chamber lined with brass. The effect on the corrections 
of variation of the following factors has been studied. (a) the distance between the source 
and the measuring instrument (from 10 to 60 cm.); (0) the active length of the container 
(from o to 10 cm.); (c) the equivalent lead wall-thickness of the cylindrical ionization 
chamber of volume 1 litre (from 6 to 12 mm.); (d) the wall-material (platinum, gold or 
silver), wall-thickness (from o to 2mm.), and diameter of the radium-container; and 
(e) the thickness of the wooden source-holder. The effect of scattered and secondary 
radiation upon the measurements has been found to be quite small. 

Percentage corrections derived from the experimental results are given in tabular form. 
These comprise a primary obliquity correction C,, for the case of an unscreened source; a 
supplementary obliquity correction C,, to allow for the oblique path of the measured 
radiation passing from the outer portions of the source through the container walls; two 
absorption corrections C;, C,, taking into account the absorption in the container wall and 
the source-holder respectively; and C,;, the usual correction for absorption in the radio- 
active salt itself. 

The corrections have been found to be satisfactory by an experimental measurement of 
the strength of a radium-container previously calibrated by the National Physical Labora- 
tory. Additional measurements have been made to demonstrate the variation of the mass 
absorption coefficient of the gamma-radiation with the atomic number of the material of 
the container screen and with the thickness of the lead filter. A description of a method of 
measurement of the internal diameters of cylindrical metal tubes is included. 
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AMMA-RAY measurements of the radioactive content of various containers 
are effected by comparison with a standardized quantity of radium™. In 
practice, this method presents certain difficulties because several correc- 

tions, often quite large, must be applied to the measured or effective radioactive 
content to obtain the true content. A knowledge of the effective content only 1s of 
limited value, since this quantity depends definitely upon the experimental condi- 
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tions of measurement; for example, a change in the wall-thickness of the ionization 
chamber may alter one of the corrections necessary to convert the measured to the 
true content by as much as 4 per cent. The magnitude and uncertainty of the cor- 
rections increase when the containers to be compared differ widely in construction 
and dimensions. With the increasing attention paid to the precise calculation of 
dosage in gamma-ray therapy, accurate knowledge of the true content of radium- 
containers and radon-containers becomes more and more desirable. 

The various national and other laboratories apply to their measurements 
corrections which are determined for their own particular measuring instruments. 
This Laboratory is responsible” for radium standardization measurements, parti- 
cularly with regard to the issue of radon for treatment purposes from five centres in 
Australia. Substandard tubes in sets ranging from 1 to 20 mg., calibrated against the 
Laboratory national radium substandard, are used for measuring the content of 
radon-filled gold capillary tubing. The specifications of these three types of con- 
tainers which have to be intercompared are given in table 1, and indicate the widely 
divergent dimensions and screenages for which corrections must be known. 


go6 


(2, 28) 


Table 1 
Containers 
Specifications National 20-mg. lab. 1-mg. lab. | Radon-filled 
substandard | substandard | substandard capillary 
Total length (mm.) 29°2 28-0 Pos Up to 100 
Active length (mm.) 28°7 20°0 10'0 Up to 100 
External diameter (mm.) 3°6 3°45 1°65 082 
Internal diameter (mm.) BO Me) 06 Or15 
Wall-thickness (mm.) O27, I'o O°5 0°33 
Wall-material Glass Gold- Platinum Gold 
platinum 
Mode of filling Partially- Tightly- Tightly Radon 
filled packed packed 

Content 20°3 mg. 20 mg. I mg. Up to 60 me. 


As complete details of the measuring instruments and corrections in use else- 
where were not available, it was considered desirable to determine these for the 
experimental equipment of the Laboratory. A full description of the methods 
employed and results obtained will be given, in order to enable radium-containers 


to be calibrated with an ionization chamber of easily reproducible construction by |] 


applying tabulated correction factors without the necessity for further work. 
Further, the opportunity was taken to compare the accuracy and convenience of the 
gamma-ray electroscope with the valve-amplifier method of measurement. 


The problem outlined may, in theory, be solved by calculation, but in practice | 
serious mathematical difficulties are encountered, and the time involved would | 
probably exceed that required for an experimental solution. Further, unless all | 


factors are taken into proper account, the calculated corrections may be in error. 


‘The two most important factors to be considered are: (a) the spatial distribution |] 
of the radioactive source relative to the measuring instrument, and (b) absorption || 


of the measured radiation in the wall of the radium-container. 
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§§ 2 to 6 of this paper are devoted to the effect of (a), while §§7 to 16 are con- 
cerned with (6). 

‘The magnitude of the correction for the spatial distribution of the source, i.e. the 
obliquity correction, is determined by the following geometrical and experimental 
conditions: (a) the shape and size of the radioactive source, (b) the distance between 
the source and the ionization chamber; (c) the orientation of the source relative to 
the 1onization chamber; (d@) the shape and size of the chamber; (e) the material and 
thickness of the wall of the chamber; (/) the materials and thicknesses both of the 
source-support and of the source itself. 

it was not, of course, necessary or desirable to vary all of the above conditions 
which were therefore limited in the following respects. The radioactive sources, 
which were all rectilinear and of small internal diameter, were placed in a V-shaped 
wooden holder in the broadside-on position relative to a cylindrical ionization 
chamber, having a volume of about 1 litre, lined with brass, and covered with lead. 
The remaining experimental conditions were varied. 
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Figure 1. Cross section of cylindrical ionization chamber. 


§2. MEASURING APPARATUS 
2-1. Ionization chamber. The ionization chamber employed was constructed 
from cylindrical brass tubing with circular pieces of sheet brass screwed to the ends; 
see figure 1. The central electrode was a brass rod supported from the bottom of the 


chamber by means of an amber button A, a brass guardring B, and a bakelite 
58-2 
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insulating bush C. Experiments showed that saturation conditions were obtained 
for the strongest sources with a potential-difference of 160 v. across the chamber; so 
in practice the wall was maintained at about 240 v. above earth-potential, and the 
guardring B was earthed so that any leakage across the surface of the amber button 4 
was minimized. Any leakage which occurred between the outer portion of the 
chamber and the guardring would not, of course, be measured as part of the ioniza- 
tion current. The lead sheathing covered all sides of the ionization chamber, the 
specification of which is as follows: shape, cylindrical; metal, brass enclosed in lead 
sheath; internal diameter, 9:50 cm.; internal length, 14-09 cm.; internal volume, 
994 c.c.; diameter of central electrode, 0-635 cm.; length of central electrode, 
13°60 cm.; thickness of brass walls, 3-30 mm.; thickness of lead walls, 3:32 mm. ; 
equivalent total lead thickness of walls calculated on a density basis, 5°78 mm. 

By adding two annular lead sheaths in turn, the wall-thickness of the chamber 
was varied so as to have the following lead equivalents: chamber no. 1, 5:8 mm.; 
chamber no. 2, 9:0 mm.; chamber no. 3, 12°3 mm. 


Figure 2. Relative positions of ionization chamber and source. 


2:2. Source-holder. The source to be measured was supported in a wooden 
V mounting sliding along a horizontal wooden support in such a way that the axis of 
the source was perpendicular to the plane containing the axis of the cylindrical | 
ionization chamber and the line joining the centres of the V mounting and the | 
chamber, the axis of the chamber being vertical; see figure 2. The whole source- | 
Support system was constructed of light cedar wood in order to reduce scattering | 
effects to a minimum. || 

2°3. Valve amplifier for measurement of the ionization current. 2:31. Circuit. The | 
valve-amplifier method 9~?* of measuring ionization current was employed because |] 
of its speed and the diminished exposure to the operator. A detailed description of |] 
the amplifier is considered to be unnecessary, since the latter is similar to others | 
which have been described. | 

The circuit, figure 3, follows the valve-bridge principle with two stages of | 
amplification, the output current being read with a microammeter. The usual |] 


References given in a very complete list by Horton (3) have been omitted from the bibliography |ff 
of this paper. | | 
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devices for compensating for fluctuations in the various battery voltages were 
incorporated in the circuit. The components of the circuit were as follows: C, ioniza- 
tion chamber; R, 2:2 x 101! Q. liquid resistance; P, potentiometer leads; A, Weston 
microammeter and shunt; V,, V,, Philips electrometer valves, type 4060; V3, V,, 
Mullard valves, type P.M. 2A; rheostats 1 and 7, 0-10,000 (Q.; rheostat 9, o-0°5 Q.; 
theostat 11, 0-7 Q.; resistance 2, 10,000 Q.; resistance 3, 25,000 Q.; resistance 4; 
20,000 Q. tapped every 2000 Q.; resistance 5, 50,000 {2.; resistance 6, 65,000 .; 
resistance 12, 40,000 2.; resistance 13, 15,000 Q.; resistance 15, 5000 Q2.; resistance 
16, 4000 Q.; slide wire 8, 1 Q.; slide wire 10, 1°5 Q.; plug-in resistance box 14, 
0-27,000 Q.; box 17, o-2700 Q. 


Figure 3. Wiring diagram of electrometer valve amplifier. 


2°32. Construction of high resistances. 'The amplifier could be used as an electro- 
meter in either of two ways: (1) the ionization current could be used to build up a 
charge on the grid of the active valve V,, and measurements made of the rate of 
drift of the output current as read on the microammeter; or (2) the ionization current 
could be passed through a high resistance R, and the potential drop across R applied 
to the grid of the valve V,. Method (2) was adopted because speed and utility were 
preferred to extremely high sensitivity. 

For a convenient sensitivity, R should be at least 101° Q., and should remain 
reasonably free from temperature changes and secular changes. For this reason the 
liquid mixtures of Gyemant” appeared preferable to xylol-alcohol mixtures or 
other types of resistance?****°. The liquid was placed in a container of soda glass 
tubing with platinum wire leads sealed in the ends, the whole external surface being 
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carefully cleaned, dried and coated with a film of non-hygroscopic insulating wax 
(cerise AA) to eliminate electrical leakage. 

2:33. Details of construction and operation. In the construction of the amplifier, 
the methods and precautions recommended by other writers were generally followed, 
but cerise AA wax was used to insulate the lead from the ionization chamber to the 
grid of the active electrometer valve. After the instrument had been balanced 
experimentally by the cut-and-try method described by Nottingham, it was found 
to respond reasonably quickly to changes of ionization current and to give steady 
readings. Small adjustments of the setting of the several variable resistances were 
found to be necessary only at infrequent intervals. 

With the amplifier it was possible to read ionization currents either by (a) reading 
deflections on the microammeter, or by (6) using a null method. Method (a) 
involves the regular calibration of the instrument, which may not give a linear 
response, though in practice it was found that the microammeter deflection was 
directly proportional to the ionization current provided that the latter was not made 
too great. The null method was therefore used. The meter reading was brought back 
to zero by applying to the grid of the active electrometer valve a potential (obtained 
from a high-resistance Wolff potentiometer) which was equal and opposite to that 
due to the flow of the ionization current through the high resistance R. The ioniza- 
tion current was then equal to E/R, where F is the potential from the potentiometer, 
and was proportional to the potentiometer reading in ohms. 

The overall sensitivity of the valve amplifier when used with a value of R of 
2:2 x 104 Q. was such that the ionization current was magnified by a factor of 
approximately 1-7 x 108. 


§3. TESTS FOR THE PRESENCE OF SCATTERED RADIATION 

The ionization chamber may be affected by scattered and secondary radiation, as 
well as by direct radiation from the source. This radiation can arise (i) from the 
walls of the source, and (ii) from adjacent objects and the walls of the room. The 
effect of (i) will be included automatically in experimentally determined wall |] 
absorption or obliquity corrections. If the effect of (ii) is appreciable, however, |) 
corrections determined by one observer with a given disposition of apparatus 
relative to external scattering objects may be inapplicable to measurements made by | 
another observer working under altered conditions. 

The apparatus used in this work was situated in the centre of a room 40 ft. long, | 
30 ft. wide, and 20 ft. high, and consisted essentially of the amplifier cabinet 
(34 in. x 21 in. x 14 in.) and a wooden block (11 in. x 8 in. x 4 in.) supporting two | 
lead blocks (9 in. x 8 in. x 2 in. and g in. x 5 in. x 1} in.) situated behind the ioniza- 
tion chamber. The wooden source-holder arm (30 in.x2 in.x1 in.) and the |) 
ionization chamber were at a height of about 2 ft. above the top of a wooden table, | 
which was itself about 3 ft. above floor-level. | 

A series of tests was carried out with large blocks of material placed in various } 
positions adjacent to the source and ionization chamber in order to determine y | 
whether radiation from solid objects, such as the wooden table top, would affect the 
ionization measurements to any appreciable extent. 
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The result of these tests indicated that the radiation scattered from such objects 
in the vicinity of the ionization chamber and the source did not increase the ioniza- 
tion current by more than 3 parts in 10,000. 

A further experiment was made to determine the amount of scattered radiation 
entering the chamber from a comparatively massive piece of metal (gold) placed in 
the line of the axis of, and directly touching, the end of the source. The mean of 
20 potentiometer readings was found to be 4584-1 Q. with the container only and 
4586-4 Q. with the container plus the scatterer. Since the mean deviation of the 
readings was approximately +3-7, i.e. 0-08 per cent, this difference was not 
significant. 

The tests described above might be expected to yield negative results, however, 
for two reasons: (i) very little gamma radiation is scattered in directions other than 
those making angles of a few degrees with the direction of the primary beam; and 
(i1) part of the secondary radiation is of longer wave-length than the primary radia- 
tion and would, therefore, be more readily absorbed in the lead wall of the ionization 
chamber. 

§4. EXPERIMENTAL RESULTS 

4:1. Method of obtaining readings. A series of measurements of the ionization 
current was made with an elementary source placed in turn at the centre, and at 
distances of 2, 4 and 6 cm. on each side of the centre of the source-holder. The order 
of positions was varied to eliminate errors due to any drift in the zero of the instru- 
ment. The distance of the source-holder from the centre of the ionization chamber 
was varied in steps from 10 to 60 cm. For one chamber (no. 1) measurements were 
made with both lightly and heavily screened sources. 

Radon in equilibrium with radium B and radium C was used as a source because 
much greater strengths (in millicuries per cm.) were obtained than with the radium 
available. A set of readings occupied about 2 hr., during which time the effect of 
radioactive decay, which amounted to 1°5 per cent, was eliminated by reversing 
the order of taking readings throughout the run. The details of the sources are as 
follows: length of container, 10 mm.; external diameter, 0-815 mm.; internal 
diameter, 0-142 mm.; wall-thickness, 0-336 mm.; metal, 24-carat gold. Details of 
the screen are as follows: length of sheath, 17-6 mm.; external diameter, 4-763 mm. ; 
internal diameter, 1-179 mm.; wall-thickness, 1-792 mm.; metal, 24-carat gold. The 
total wall-thickness of the composite source was 2:128 mm. 

The effect of stray ionization in the valve amplifier was eliminated by taking 
readings with the ionization chamber disconnected from the apparatus, and thus the 
ionization produced in the chamber alone could be determined. In general, 
20 independent readings were taken for each position of the source, the latter being 
removed and replaced later in each position. The mean departure from the mean 
value for any position was about 0-4 per cent for source-to-chamber distances 
greater than 30 cm., and about half that at smaller distances, where larger ionization 
currents were produced. 

4:2. Results. The mean experimental results obtained from independent series 
of measurements made with an elementary radon source screened with 0-336 mm. 
of gold with the three ionization chambers, and the composite source screened with 
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2:128 mm. of gold with ionization chamber no. 1, are given in table 2. The mean of 
the values obtained at equal distances from the centre of the source-holder has been 
aken, so that each result is the mean of about 40 observations. The quantity tabu- 
lated is the measured value of the ratio I,’/J)’, where J,’ is the measured ionization 
with the centre of the r-cm. elementary source in the centre of the source-holder, 
and J,’ is the measured ionization with the centre of the same source at a distance 
x cm. from the centre of the source-holder. 


Table 2. Values of (1,'/Ip')4 


D Inverse- Mean valve tos Mean values | Mean values 
(cm.) | (em.) | S4¥are | Wall-thickness | Wall-thickness | fot chamber | for Baeoe 
value 0-3. mm. gold | 2:1 mm. gold Oe ns 
10 2 F 09617 0'9674 09628 09662 09671 
4 0°8624 08816 08666 08792 0°8826 
6 0°7353 0°7647 0°7401 0°7654 0°7693 
15 2 0:9826 09830 09820 09839 0:9850 
4 0°9337 0°9362 0°9327 0°9387 0°9391 
6 08622 08686 0°8573 0:8709 0:8730 
20 2 0-990I 09892 0°9903 0°9902 0:9899 
4 09616 0:9617 0:9608 09624. 09632 
6 O'9175 o0:9178 0'9132 09208 09198 
30 2 09956 09954 09963 09938 0:9950 
4 09826 0°9795 0'9825 0:9805 09822 
6 09616 0:9582 0°9599 09598 0'9624 
40 2 09975 09964 0°9952 a 0°9953 
4 0-990 0°9853 0°9877 = 0°9844 
6 09780 0'9740 0'9765 — 09710 
50 2 09984 — — — 09962 
4 09936 2 ee = 09926 
6 0°9858 — — = 09850 
60 2 09989 0°9970 09965 0°9965 09988 
4 0°9956 0-9948 09926 0°9929 o'ggIl 
6 0-9901 0:9892 0:9865 0:9887 0°9856 


a 


For comparison purposes, corresponding values of J,’/I;’ are included in the | 
table, calculated from the inverse-square law by means of the following formula, 
which is easily deduced for the case of a rectilinear source having an active length of 
Tec m, < (pie: R R R 

i eee 41667 pe! 1667 D2 01493 Fate (1) 


where D cm. is the distance between the centres of the source-holder and the | 
chamber, x cm. is the lateral displacement of the source, and R=(x/D)?. 


§5. DERIVATION OF CORRECTION FACTORS 


5:1. Correction for absorption in container screen and source-holder. An examina- 
tion of the results given in table r for ionization chamber no. 1 shows significant 
differences between readings obtained with sources having different wall-thicknesses, 
owing to the increased absorption in the container screen and the source-holder 
when the measured beam of radiation travels obliquely through, as is the case for 
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larger values of the lateral displacement x. The magnitude of this effect may be 
calculated with sufficient accuracy by the following approximate method. 

In figure 2 let O be the centre of the chamber, A the centre of the radium holder 
and source, and P the point on the source considered. Then if D cm. is the dis- 
tance OA, x cm. the distance AP, s, cm. the thickness of the container screen, and 
@, the angle AOP, it will be seen that radiation from P passes through an average 
thickness of metal s, sec 8, or 5, A/( Toei) 2), 

Let (J,"/Ip’)r be the true value of the ratio of the effects of a short unscreened 
source lying at P, and lying at the centre A, while (1,’/Io')4 1s the apparent value 
of a similar ratio for a similar screened source. Then we have approximately 


(Le [Iya = Te [Tyne atiteasdisec%-D, (2) 


where ,, is the apparent absorption coefficient of the radiation in the wall material 
of the container, 4, is the apparent absorption coefficient of the radiation in the 
material of the source-holder, and s,cm. is the thickness of the source-holder 
traversed by the central ray from a source in the position «=o. 

For the measurements which have been described, values of 6,, s, and s, were 
known, and p, and p, were obtained experimentally (see §§7-16 of this paper), so 
that values of (J,,/J,’)7 were calculable. 

By means of equation (2), corrections were applied to the values of (J,'/Jo’)4 
from table 2 to give values of (J,’/Iy’)p which are set out in table 3. The largest 
correction was 3°35 per cent for the case of the screened source with D equal to 
Io cm. and x equal to 6 cm. After correction, the agreement between the results for 
the two independent series with containers of different wall-thicknesses, measured 
with the same chamber no. 1, is close. This agreement is considered to provide 
sufficient justification of the adequacy of the above approximate method of correc- 
tion, since the range of wall-thickness covered is large (from 0-3 to 2:1 mm. of 
gold). 

The mean values of (J,’/J)’)p for chamber no. 1 were used in all subsequent 
calculations. 

5:2. Calculation of correction factors for unscreened sources. From the corrected 
experimental results in table 3, obliquity corrections, to be applied to containers of 
different lengths measured with any one of the three ionization chambers, were 
calculated in the following manner. 

Assume the empirical relation 


Ij loa Ae Bx 7 Cw awh (3) 


where J, is the measured ionization due to an unscreened point source at the 
centre of the source-holder at a given distance D cm. from the chamber, J/, is the 
measured ionization with the same source displaced laterally through a distance 
x cm., and A, B, C are constants. Uneven powers of x are omitted for reasons of 
symmetry. Then the effect J’ due to a line source extending between x, and x, will 


be given by , ates 
ee SB 
Ih Hy — % 


B 5 7 7 
Xp” — x. x x 
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Ny — Xy Ng — Xy 


Q14 EH eOdare 


Now the experimental readings were taken of the quantities Ip’, /5’, Ly and J,’ with 
corresponding values of x as set out below. 


Reading Tis he be Ne 
Value of x» —0°5 +1°5 +3°5 +5°5 cm. 
Value of x +0°5 +2°5 +45 +6°5 cm. 


Then using equation (4), eliminating J) and solving for A, B and C, we obtain 


A=-—1-470 x 10-1 K,+2:079 x 10-7? _K, —2°163 x10 Kg, 222 (5) 

B= 9:724x 10-8 K,—3:265 x 107? K,+3°706 x 104 Kg, ...... (6) 

C= —1°868 x10 K,+7°473 x 10° K,—1'246x10" Ka, (7) 

where Kath ee (8) 
Kj=1—-L1,59 eee (9) 

K.=1-L/1L,> (ae (10) 


Thus A, B and C could be calculated directly from the experimental readings by |; 
means of equations (5) to (10); and by substituting the values «,= —L/2 and | 
x, = L/2 in equation (4) we obtain the ratio of the measured ionization due to a given |; 
amount of radium in a uniform line source of length L cm., to that due to the same | 
amount of radium in a point source, both sources being placed symmetrically in the || 
centre of the source-holder. This ratio is Jp’/I), and 

le 2! B C 


2 4 6 
ik te Cape ECs Jira (11) 


The obliquity-correction factors are then determined in terms of A, B and C, | 
values of which are known. 

The above equations (5) to (11) were used together with the values of (J,’/Jo')r } 
from table 3 to calculate values of J)’/J,, where J, is the measured ionization due to | 
a given amount of radium in an unscreened point source in the centre of a very light | 
source-holder at a distance D cm. from the chamber, and J,’ is the measured ioniza- | 
tion due to the same amount of radium in an unscreened line source, of length |] 
Lcm., placed symmetrically about the centre of the source-holder at a distance | 
D cm. from the same ionization chamber. | 

The corrections, for ranges of values of L from o to 10 cm. and of D from 10 to | 
60 cm., and for the three ionization chambers, are given in table 4 as values of Cy, | 
which is a percentage addition; that is 


C, = 100 (J/Jy’ — 1). 


The figures in the table are uncertain in the last decimal place, the largest cor- 
rections probably being correct to within +0-2 per cent while the others have |} 
possible errors proportionally smaller. These estimates were deduced from con- |} 
sideration of the average total amount of smoothing applied to the experimental 
readings in table 3, which was of the order of +0-08 per cent, and also from the 1 
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agreement between independent values at distances D of 30 cm. or more for the three 
chambers, which was of the order of +0-05 per cent. 


Table 3. Values of (I,'/Iy’)r 


Mean values for chamber no. I 
D¢ } Mean values Mean values 
cm.) x (cm.) | Wall-thickness | Wall-thickness| for chamber | for chamber 
o-3mm. gold | 2:1 mm. gold te OS 
ie) 2 079692 | 0:9669 | 09669 0:9677 
4 o'$829 | 08790 08817 0°8848 
6 O77 12 0°7654 0°7700 OF 182 
15 2 0°9833 09838 09841 0°9852 
4 09376 | 09388 0°9400 09401 
6 08714 | 08713 08734 0°8740 
20 2 09897 09908 0°9903 09908 
4 0:9623 0°9645 0°9631 0:9638 
6 09196 0°9220 0°9223 0'9224 
30 2 09949 | 09960 09941 0°9943 
4 09807 0:9838 0:9808 0:9806 
6 09586 | 09641 0'9613 0:9600 
40 | 2) 0:9965 09961 = 0°9953 
4 0°9872 0:9892 — 0°9868 
6 0°9731 °°9779 = 0°9742 
50 | 2 0°9974 0:9963 = 0°9963 
| 4 0-9909 09915 pe 0°9903 
6 0'9819 09841 — 09814 
60 2 | 09979 09966 09965 e052 
4 0'9944 09929 09930 09932 
6 | 0:9888 0:9875 0°9887 09870 


5°3. Calculation of supplementary obliquity corrections for screened sources. It 
must be emphasized that the effects of the container screen and the wooden source- 
holder were eliminated from the percentage corrections in table 4. Additional cor- 
rections to cover these effects were developed by using the preceding equations and 
approximating, to find that the ratio of the obliquity correction factor for a screened 
source to that for a similar unscreened source is given approximately by 


I + (15, + fe Se) {L? (3°675 x 10-7 E, — 5-198 x 10-8 Ey + 5-408 x 10~* Ee) 
— L4 (6-078 x 10-4 E, — 2-041 x 10-4 E, + 2-316 x 10~° Ee) 
+ L$ (2:92 x 10-6 E, — 1:168 x 10-* FE, + 1-946 x 107” Ee)} 
STs) de ee ———C nw (13) 
where Be= (see Cs 1) (ie ilg re pe 9 ee (14) 
This is, of course, another correction factor which must be applied when the 
source is screened, or when absorption takes place in the source-holder. It is a small 
correction, and therefore values of (I,’/J’)r from table 3 for any one of the three 
ionization chambers suffice for the purpose of calculation. It is evident that the 


term F in equation (13) depends upon L, D, and the quantities (1, /Io')r, and 
evaluation of this term should enable correction factors to be determined easily for 
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Table 4. Values of C,. Percentage obliquity corrections for 
ionization chambers nos. 1, 2 and 3 


Chamber | D (cm.) Ibi Can. i 2aCin [b= 3 Cire i AacOnes 
I 10 0:07 0°29 0°64 ior 
2) 10 0:07 0°29 0°64 I'I4 
3 10 0:07 0:28 0-61 1:08 
I 15 0:03 O'14 731 0°54 
2 15 0:03 O13 0°30 0°53 
3 15 0°03 O13 0:28 O'51 
I 20 0°02 0:08 o-19 O38 
Z 20 0°02 0:08 o'19 On2 
3 20 0:02 0:08 o'18 0°32 

All 30 O'ol 0°05 O'rl o18 
All 40 O-o1 0°04 0-09 o'l4 
All 50 o-oI 0°03 0:08 o12 
All 60 O'ol 0°03 0:07 o'10 


Chamber| D (cm.) IE, = (Oa. IGS Gen, L=8 cm. i — ToOreins 


I 10 Tafa) Dose 4°4 6:8 
2 10 1°76 Apri 4°3 6:6 
3 10 1°69 2°41 4°1 6°5 
I 15 0°85 I'21 2°14 3°3 
2 15 0°83 I‘'lg 2°10 3°2 
3 15 0:80 Testis 2°05 B32 
I 20 o'51 0°73 1°28 1°96 
2 20 O51 0°73 1:28 1°96 
B 20 0°49 o-72 1°27 1°95 
All 30 0:28 "40 0:66 0°98 
All 40 0°22 0°30 0°49 0°70 
All 50 o18 0°24 0°39 0°54 
All 60 Opiig 0:20 0°30 0°40 


various values of js, and j2s,. Values of F were calculated and are given to the | 
required degree of accuracy in Table 5 for different distances D between the centres 
of the source and ionization chamber, and for different lengths L of source. The | 
additional percentage correction C, to be added to the measured content of ascreened | 
container is, then, by equation (13), given by 


Ci =100F (a5; + [2 53). aooanc (15) 


‘This correction is quite appreciable under certain experimental conditions. 


§6. DISCUSSION OF CORRECTION FOR OBLIQUITY 


A consideration of the results described above shows how the effects of obliquity 
on the measurement of radioactive sources of finite length are influenced by such | 
factors as the shape, size and lead-wall-thickness of the ionization chamber, and by 
the presence of the source-holder and container wall. This renders inaccurate the | 
use of the inverse square law for small or moderate distances between the source | 
and measuring instrument. With the given shape of chamber, the lead-wall- 
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thickness has a negligible effect for source-to-chamber distances of 30 cm. or more. 
For smaller distances, increasing the lead-wall-thickness reduces the obliquity 
corrections, as would be expected from geometrical considerations. 

It has been shown that a supplementary correction C, is necessary to allow for 
the oblique path of the measured radiation from the outer portions of the source in 
passing through the container screen. This correction may amount to as much as 
0°7 per cent for a container 10 cm. in length, of wall-thickness 2 mm. of platinum, 
and placed 10 cm. from the centre of the chamber; for distances greater than 30 cm., 
however, it is practically negligible, being less than 0-05 per cent. 


Table 5. Value of term F 


D (cm.) bSe3Gm, | ib=a cin. i — Vein ARC. 
se) 00008 00017 0'0039 0:0066 
15 = | 0:0006 O°0015 0°0025 
| 20 = | 0°0005 0:0009 0:0016 
| 30 = == 0°0004 0°0007 
| 40 — | — -- -- 
| 50 — | — == — 
| 60 — — — — 
D (cm.) L= scm. | L=6 cm. Ib OCI Toren. 
| = 
| be) O-OIOI | 00143 0:0248 0°0362 
| 15 00-0040 0:0060 O-OIII 0-0169 
20 | 070025 | 070036 0:0065 070099 
30 0-0010 | O'0014 0:0027 070041 
40 070005 070008 0:0016 0:0025 
50 | — | 0°0007 O'OOI1 0°0017 
60 — 0:0006 0'0009 O'0012 


Backhurst°” has calculated obliquity corrections for containers measured with 
a cylindrical ionization chamber with a plane circular front covered by a lead screen. 
His calculations take into account the front lead screen, but involve certain approxi- 
mations and neglect such factors as the wall-thickness of the source, and the effect 
of radiation incident on the sides and back of the chamber. The latter probably has 
an appreciable effect, and it is to be expected that the calculated corrections would be 
too great for this reason. Backhurst compared some of his corrections with experi- 
ment and did in fact find them too great; to account for the difference he then 
assumed that the calculated corrections were accurate, and that radiation scattered 
from the radium-source-holder and surrounding objects constituted about 20 per 
cent of the total radiation entering his ionization chamber. This assumption does not 
appear to agree with the results described in §3 above. 


§7. CORRECTIONS FOR WALL ABSORPTION 


The magnitude of the correction for absorption in the wall of a radium-container 
is, like that of the obliquity correction, determined by a number of geometrical 
and experimental conditions, of which the following are the most important: (a) the 
wall-material, wall-thickness and diameter of the container; (0) the fraction of the 


g18 TH iOdate 


inner volume that is filled with radioactive salt—the percentage correction for a 
partially filled container is somewhat greater than that for a completely filled con- 
tainer®*); (c) the angle subtended by the ionization chamber at the centre of the 
source; (d) the shape and size of the ionization chamber; (¢) the nature of the lining 
and the lead-wall-thickness of the ionization chamber. 

In addition, a correction may often be necessary for the absorption and scattering 
of radiation traversing different thicknesses of the source-holder before entering the 
measuring instrument. 

The scope of the present work has been limited to platinum, gold and silver 
containers, of wall-thickness not exceeding 2 mm., measured with the three cylin- 
drical ionization chambers already specified. 


§8. METAL SHEATHS USED FOR MEASUREMENTS 


The elementary radioactive sources used consisted of pieces of metal capillary 
tubing, of length 2 cm. and internal diameter 0-15 mm., filled with radon in equili- 
brium with its decay products. Composite sources were formed by using sets of | 
cylindrical metal sheaths constructed from platinum, gold and silver with a purity of |) 
better than 99:5 per cent. Measurements were made of the density of each sheath; | 
this was found to be constant for all the sheaths of each set and for solid samples of | 
the same metals. The densities (g./cm.*) were as follows: platinum, 21-3; gold, 19:2; | 
silver, 10°44. These values are slightly low, probably owing to the somewhat porous | 
nature of the metals, which were purchased in the form of cast rod. The internal 
diameters of the sheaths were slightly in excess of the external diameter of the | 
elementary source, which could thus be slid into each sheath in turn, and the outer 
sheaths were made of total length 3 or 4 cm. so that they might provide sufficient || 
overlap at each end to ensure that all of the measured radiation should pass through | 
a uniform container wall. 

For measurements with sheaths of platinum and gold, which are of approxi- | 
mately the same density and atomic number, gold capillary tubing was used for the | 
elementary sources. With silver sheaths, however, silver capillary tubing was used, | 
in order to avoid possible errors in extrapolating the results to zero wall-thickness. |] 
Such errors could arise from differences in the quality of the gamma-ray beams |} 
emerging from gold and silver elementary sources. : 

Since the wall-absorption correction for a thickness of 1 mm. of platinum is of | 
the order of 10 per cent, it was desirable to determine the wall-thicknesses of the | 
sheaths to within about +0-o05 mm. It is difficult to attain this degree of accuracy | 
by measuring the internal diameter at the ends only, since the hole may vary in| 
diameter or the ends may be irregular. | 

Measurement of the internal diameter at points along the length of each sheath} 
was finally effected by the following method. Steel sewing needles of various sizes}] 
were obtained, and two were selected to slide into the sheaths giving as close a fit as#) 
possible. ‘Two needles were necessary since the holes in some of the sheaths were} 
somewhat smaller than those in the others. The surface of each selected needle was! 
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etched deeply, a length of only about 5 mm. being left untouched in the centre, and 
the etched portion of the eyelet side was then cut off. Measurements of the angle of 
tilt of one of these needles when the unetched portion was inside a sheath then 
enabled the internal diameter of the latter to be found as follows. Let D be the 
internal diameter of the sheath, d the external diameter of the unetched part of the 
needle, / the length of the unetched part of the needle, L the length of the etched 
part of the needle on the point side, 24 the angle of tilt of the needle, and 2y the 
displacement of the point of the needle for this angle. Then it is easily shown that 


D=lIsin6+dcos@ and y=(L+HW)sin@é, —....... (16) 


whence D may be found when d, /, L and y are known. 

The value of d was found with a micrometer, while / and L were determined 
with a travelling microscope. Average values of 2y were found with the aid of an 
optical projection system giving a magnification of 50-09. The distance 50-09 x 2y 
was of the order of 3 cm. and could be measured to about 1 mm., which corresponds 
to an error in d of +0002 mm. Readings were taken at three positions along the 
length of each sheath in each of two planes at right angles. The calculated average 
values of the internal radii, which are given in table 6, are considered to be of the 
desired order of accuracy of +0-005 mm. Periodical weighing of the sheaths showed 
that a negligible amount of wearing took place during use, and the internal diameters 
remained practically constant. In table 6 are included also values of the total lengths, 
external radii and wall-thicknesses of the sheaths and elementary sources. 


Table 6. Metal sheaths used in absorption measurements 


| External | Internal Wall- 

Sheath Length — radius radius thickness 
| (mm.) | (mm.) | (mm.) (mm.) 
inte 20°0 0'408 o-o71 0°336 
Rigs 30°9 0'982 0°464 O'519 
Ree | 30°7 HOTESET 0°463 0668 
Pt D | 30°6 1994 0°539 1°455 
Pt Ez | 30°1 | 2°379 0°546 1°834 
Au A 20°0 | 0:408 o-071 0°336 
Au B Zu) 0'963 0469 0494 
Au C 4r'4 | 1406 0°457 0949 
Au D | 41'2 1°765 0-460 1°305 
Au E& 30°0 2'073 0°539 10535 
Au F 30°8 2°378 0°536 1°842 
Ag A 20'0 O-414 0075 0°338 
Ag B ain 0992 0°463 0'530 
AgC 31:6 1°378 0458 0'920 
Ag D 314 1°771 0°466 1°305 
Ag E BED 2081 0°527 1°554 
Ag F 30°5 2°381 0°533 1°848 


§9. CALCULATION OF EFFECTIVE WALL THICKNESS 


gt. Effect of size of ionization chamber. Since the ionization chamber was of 
finite width and subtended an appreciable angle at the centre of the source, the 
magnitude of which depended upon the source-to-chamber distance, a correction 
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was applied for the obliquity of the path of the measured radiation traversing the 
container wall. Owing to the horizontal position of the cylindrical sources, the 
height of the chamber has a negligible influence on this effect, which applies even to 
sources of small active length and is distinct from that due to the obliquity of the 
path through the container wall of radiation from the outer portions of a source of 
finite active length, which was discussed in § 5 of this paper. 

The correction was applied by finding approximately the average wall-thickness 
traversed by rays from a short source; thus in figure 4 let D be the distance between 
the centre P of the source and the centre O of the chamber; 7 the internal radius of 
the chamber, s the wall-thickness of the source, and 20 the angle subtended by the 


| 
D 7 


Figure 4. 


chamber at the centre of the source. Then the average wall-thickness s’ traversed by 
rays entering the chamber from P is given by 


ps 


0 
‘5 | ssced dd ; 


te 


Soe wr. O 
therefore Fi log, tan & > =}. boekds (17) 


For the ionization chambers used r= 4:75 cm., which gives the following values }} 
fOrss |S: | 


D(cm.) 10 108 20 30 40 60 


s’/s 1'0435 10180 1:0097 1'0042 1:0024 I‘OOII 


From these figures it is evident that the effect under consideration was appreciable} 
for moderate values of D, varying between 0-44 per cent and o-o1 per cent for values | 
of D of 10 and 60 cm. respectively, for the case of a container screened with A 
platinum sheath 1 mm. thick. 
9:2. Effect of clearance between sheath and elementary source. The experimental] | 
measurements were made with composite sources, each of which consisted of a 
elementary source surrounded by one solid metal sheath of known material and 
wall-thickness. Since the external diameter of the inside source was always less} 
than the internal diameter of the sheath, the inside source lay in a slightly eccentria 
position, causing the measured beam to traverse a thickness of metal slightly greate 
than the actual wall-thickness of the sheath. This necessitated corrections to thdl 
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wall-thicknesses of the order of 0-001 to o-org mm. For this purpose the following 
approximate relation was used: 


w=V{b—(a—a,)}—V{a®—(a— a), sane (18) 


where w is the corrected wall-thickness, 6 the external radius of the sheath, a the 
internal radius of the sheath, and a, the external radius of the elementary source. 

In table 7 are given the total wall-thicknesses of the composite sources used in 
the experiments, and also the effective wall-thicknesses calculated by means of 
equations (17) and (18), for the appropriate distances from the centre of the ioniza- 
tion chamber. 


§10. CORRECTION FOR WOODEN SOURCE-HOLDER 


In order to correct the experimental readings for absorption and scattering of the 
measured gamma-rays in passing through the V-shaped wooden holder in which the 
sources were supported, it was considered advisable to determine experimentally 
the apparent absorption coefficient of gamma-rays in wood. For this purpose 
wooden blocks 5 cm. long, 2:5 cm. high, and of different thicknesses were prepared 
from cedar of density 0-40 g./cm.?, which wood was also used for the source-holder. 

Readings were taken with each of the three ionization chambers, the absorbing 
blocks being located as close as possible to the source, which was a 10-mg. radium 
needle of active length 2 cm. and wall-thickness 0-5 mm. of platinum. From the 
mean readings the following apparent absorption coefficients were calculated for 
wood-thicknesses not exceeding 6 mm.: for chamber no. 1, ~=0-:0135 cm:1; for 
chamber no. 2, »=0-0156cm7!; for chamber no. 3, ~=0-0139 cm:1. The mean 
value 1 = 0-0143 cm-! was used in calculating correction factors for the experimental 
readings with metal sheaths of varying diameter. These factors were as follows: 


: Wood correction 
Composite source factor 
Pt A, Au A and Ag A 10075 
| Pt (4+ 8), Au (A+ 8), 1°0054 
and Ag (A+ 8) 
Pt (4A+C) 10047 
All other sources 1'0000 


As a check on these factors, a separate measurement was made of the correction 
for the elementary sources (Pt A, Au A and Ag A) by using a radon source made of 
silver capillary tubing and replacing the wooden source-holder by a light one made 
of paper. The correction factor found by this means was 1:0080, which agrees with 
the value given to 0-05 per cent. 


§11. EXPERIMENTAL READINGS WITH METAL SHEATHS 


For the determination of the effect of absorption in the cylindrical metal con- 
tainer screens, series of readings were taken with each set of sheaths at two or three 
different distances from each of the three ionization chambers. Readings were 
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taken in varying orders, to eliminate effects due to the decay of the radon and to the 
zero-drift of the valve amplifier, and with the elementary radon source alternately 
unsheathed and inside each member of the set of sheaths. 

In each case about 20 readings were taken, and the mean values were corrected 
where necessary for (a) absorption in the wooden holder (see § 10 above), and (b) the 
effect of the finite length of the source (see §5). In table 8 are given the mean 
corrected experimental values of the ratios 


Lap L440 
I4 : Ia : 
and so on, where J, is the measured ionization from the elementary radon source A, 
14.z 1s the measured ionization from the elementary radon source A inside sheath B; 
and so on. 

From each of the independent series of readings in table 8, absorption correction 
factors corresponding to apparent wall-thicknesses of 0-5, 1, 1-5 and 2-0 mm. were 
calculated algebraically. For this purpose the values of the apparent wall-thicknesses 
of the metal sheaths in table 7 were used, and the figures in table 8 were smoothed to 
the average extent of +0-0g per cent and extrapolated to zero wall-thickness to 
allow for absorption in the wall of the elementary source A. Table 9 shows the 
results of these calculations, expressed as percentage corrections to be added to the 
measured content of a container. 

It will be seen that the calculated corrections have mean departures from the 
mean values of about +0-2 per cent, and that, for the results with gold screens 
measured at widely differing distances from ionization chamber no. 1, this figure is 
+0°05 per cent. This agreement is considered to justify the use of the apparent wall- 
thickness of the source rather than the true wall-thickness, in the manner set out 
above in §g. 


§12. DERIVATION OF CORRECTIONS FOR CONTAINERS OF 
ZERO INTERNAL DIAMETER 


The figures in table 9 apply only to radon sources of internal diameter 0-15 mm. 
It was necessary, therefore, to modify them slightly to allow for the finite size of the 
inside hole, and for the fact that the source was empty so that most of the active 
deposit was on the inside metal surface, rather than distributed throughout the 
internal volume as in a radium-container full of radioactive salt. 

The mean wall-thickness w, traversed by a parallel beam of gamma-rays emerging 
from an empty container of internal radius a and external radius 5 is, assuming the 
active deposit to be on the inside walls only, given by 


w, =" Ic (V{B2/a®—sin? 6}—cos @)d0. anes (19) 
—ir 


7 


Similarly, for a full container with active deposite distributed uniformly through- 
out the internal volume, the mean thickness w, 1s given by 


3 ‘ 
Wy = = | cost @ (4/{b?/a?—sin? 6}—cos @)d@. (20) 


1 
2 


S.9 £.9 g.§ = 
1.9 0.9 $.8 Bor 
L.S 9-6 ZS $.1 
ES Za gv v.1 
6.V 6.4 S.y : : ont 
Sov S.V Z.b I-01 6.01 0.71 6.01 Q-II Soon (a 
1. 1.4 g.€ z.6 6.6 6.01 6.6 Q-O1 ISctANt fot 
EL.€ ZL.€ Qv.€ LZ.8 £6.8 08.6 L9.9 ZL.6 Lo.tl o.1 
SE.€ HE.€ Citak (efeolk, $6.4 IL.Q Lg.L 89-8 68.6 6.0 
L6.z S6.z gL.z gt.9g 46.9 19-4 26.9 S9-Z ZL.Q 8.0 
6S.z LS.z tv.z gS. 10.9 SS.9 96.S £9-9 S$.L L.0 
Ht aac 61.2 go. oL.v go.S oS.S bo.S $9.S 1v.9 9.0 
€Q.1 1Q.1 €L.1 €9.€ Ziv gv.t Ziv to.¥ gz.S S.o 
SY.1 br. ge.1 10.€ eats Qb.€ bz.€ gg-£ gI.+ Ae) 
Lo. Lo. £0.1 WEsE gf.z ike 6£.z CL.z go.€ £.0 
oL.o oL.o 89-0 br. CAS €g.1 vS.1 gZ.1 10.Z Z.0 
bE.0 b£.0 t£.0 oL.0 £L.0 64.0 SL.0 L3.0 36.0 1-0 
€ ‘ON Z ON I ‘ON € ON Z ON I ‘ON € ‘ON Z ‘ON I ‘ON 
(‘uruz) 
Toquieyo UOTeZIUOT Joqureyo uoezIuUOy Joquieyo UoTezIUOyT SSOUYOIYI-[[TVM 
quoieddy 
eos Pies) Decl 
JoJoWeIp [RUTOJUT O19Z JO STQUTRJUOD jeoripurpAo TOF SUOTIDITIOO asejus010d 9} 4) JO Son[eA “Or IGP YT, 
Qa OLE gL.L vE.L be eall, Sole ZQ.9 —= Lv.g Hertel, = 0.z 
gL.& SZ.S OES t9.S gS. 69. vz.S — £9.V 99-S — Sore 
gL. gL.€ 6L.€ LL.E gg-€ Bg. gS. _ SI. ZO.V — O.I 
QQ-1 69-1 QQ-1 Qg-I Seo 96.1 ZQ-1 — Qr.1 Sitch — S.o 8Y 
00.8 IZ.QI QL.LI QI.61 6+.61 88-81 QE.1z 6Z.1z — gb.1z vE.1z 0.z 
QI.€1 QI.€1 O1-£1 oz.FI LV.¥I F6.€1 LL.S1 QQ-SI — LL.ST Qg-SI Goi 
VY. 1S$.g He o£.6 $9.6 L6.8 96.6 16.6 — 96.6 00.01 Onk 
Q6.€ Si.b 0g.€ VS.y $9.4 €z.F 9S.v ZS.v — eS.v $9.4 S.o ny 
gv.61 FE.61 19.61 $8.02 €0.1z 89-02 6S.€z — $9.€z FE.Ez = 0.7 
oz.vI gz-v1 Cr.-1 of.Str 6£.S1 oz.St Zy.Li == OLLI FILE —_ Car 
ZIRO gz-6 96.8 96.6 $0.01 06.6 cela — Siti Vo.II = O.1 
VEY Sv.+ tz.v 88-4 £6.4 Zg.b ¥S-S — €9.S gz. — S.0 | 
UeIIA WID OE =G) | WCE UvdIAL WIA) Ole =(Gf | ID Cre = UedIAL ‘wu Oob=q | woof=q|mo0z~=q|‘udo0I=q)| (‘unn) 
SsoUyoIy} | [eI]AT 
€ ‘ou Joquieyy z ‘ou Joquieyy I ‘ou Jaquieys 112M 


SsUIPRaI [PJUSUTTIIdx9 WOIF poye[N[Ld suOT}991109 UOTdIosqe asvIUDIIVg °6 aIqQeT, 


The gamma-ray measurement of radium 925 


It is found that w, is slightly greater than w,. The percentage correction for a 
full source is approximately zw,/z, times that for an empty source; this approxima- 
tion was considered to be sufficiently accurate for the adjustment of the corrections 
in table g, since the required alterations were only of the order of from 0-02 to 
O°I5 per cent. 

In the same manner, the corrections were modified to obtain values applicable 
to radioactive containers of zero internal diameter by means of the formula of Owen 
and Naylor °*'3°), which is considered in greater detail in §13 below. This adjustment 
also did not exceed 0-15 per cent. 

In table ro are given values of C,, calculated from table g in the manner indi- 
cated, where C, is the percentage correction that must be added to the measured 
content of a radium-container of given apparent wall-thickness and zero internal 
diameter, in order to obtain the true content. These corrections are considered to 
be correct to within +o0-2 per cent for the larger wall-thicknesses and to within 
+ 0-1 per cent for smaller thicknesses. The values of C, are shown in graphical form 
in figure 5, together with the unsmoothed mean experimental points which will be 
seen to lie fairly closely on the curves. 


§13. MODIFICATION OF CORRECTIONS FOR CONTAINER 
OF FINITE INTERNAL DIAMETER 
Owen and Naylor“® deduced from geometrical considerations that the measured 
ionization due to a parallel beam of rays emerging from a cylindrical tube, of internal 
radius a and external radius 5, would be reduced by the presence of the tube in the 
ratio given by the equation 


apes ls cos Be Ha (V@!/a'—sin*P}— 0088) fa (21) 

1 ae: ‘ 

where yp is the absorption coefficient of the gamma-rays in the wall-material of the 
tube. 

Although the effect of secondary radiation from the absorbing tube renders it 
inadvisable to rely completely on this formula, Kaye, Aston and Perry“ have 
shown that the latter may be used in deriving the absorption correction for a tube 
of given diameter from the experimentally determined correction for a tube of 
different diameter but the same wall-thickness. 

Thus if c, is the experimental correction for the first tube and c, the calculated 
correction for the first tube using the formula (21), and if ¢,’ and c,’ are the corre- 
sponding quantities for the second tube, then 


—ihr 


Furthermore, calculations show that the ratio c,/c;’ remains constant to within 
the required limits for given values of a and 6, and values of » varying between 
r-o and 0-3 cm;1. This method of calculation was therefore used in obtaining the 
absorption correction C, for zero internal diameter from the experimental correc- 
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tions determined with sources of 0-15 mm. bore. It may also be used within limits 
to derive the corrections for containers of given internal diameter from the values of 
C, in table ro. For use in this respect table 11 is included, giving the calculated 
values of k for containers of different internal diameters and wall-thicknesses, where 
k is the ratio of the percentage correction for a container of given internal diameter 
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Figure 5. Wall-absorption correction Cy for cylindrical containers of zero internal diameter 
when cylindrical ionization chambers nos. 1, 2 and 3 are used 


—— ®—_., platinum; ---O---, gold; ---LJ--—-, silver. 


and wall-thickness to the percentage correction C, for a container of zero internal 
diameter and the same wall-thickness. Then the required correction C, is given by| 


Ce=kGy: eee (23) 


The results obtained by Kaye, Aston and Perry” show that the above general| 
method of allowing for the diameter of the container is satisfactory over the range}! ! 
of internal diameters from 0-8 to 4-9 mm., while a test measurement by the writert 
covers the range 0-15 to 18 mm. The latter test was carried out with a gold sheath off) 
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Table 11. Values of k 


Po . | Internal diameter of radium-containers (mm.) 

(mm.) | Or15 O'5 | I'o | I's 2'0 Da 
orl i 036m || I°092 Tras I'l I'rgso | : 
oe | 1-032 | 1°083 I‘I20 eee 1-166 oe 
o'3 1°029 1°074. Teme) I°I34 TSH 1°165 
0-4. 1'025 1°066 I‘Io1 iowa 1°136 I‘I52 
OS 1°022 I°059 I‘OQI I‘IlIl 1°126 I°I40 
0'6 I‘O1Q 1°053 1:082 1°02 I‘116 I°130 
O27 EOry7 | s-oq7 1°075 1094 I°108 I‘120 
o'8 POLS ha 1:042 1:068 1:086 I*I00 I‘II2 
°'9 L013, | | 1-037 1'063 1:080 T'094 I'104 
I°O TOT) i pir Os4: 1058 1'075 1088 1'098 
Ivl 1 Od: ew EIEOR I 1'054 1070 1:083 1'093 
1g I'o1io. | 1°028 O50. | 1066 1:078 I‘090 
1s) Toog | 026 | 1-047 | 1°063 ‘075 1:086 
I°4. 1-009 1 01 a [ Ge)” 7 SND Gao oe) 1°072 1°083 
Ts 1-008 1023 at eel O12 San O57 1°069 17080 
1°6 1:008 1°022 E0401) © O55 1067 I'077 
Te 1°007 1-021 1°039 1°053 1064 1'075 
1°8 1°007 TZOZOv Ns) 1038} I‘O51 1'062 1'073 
I°9 1°006 E020 «| 1'037 | 1'049 1:060 I‘O71 
2°0 1°006 TeOLOQ us| 1'035 1°047 1'058 1°069 

| 

Wall- Internal diameter of radium-containers (mm.) 

thickness | : 

(mm.) | 3°0 4:0 50 6:0 TO 8-0 
ol I°210 1235 1°245 1°253 1'255 1256 
o-2 I°195 1'213 1°226 1235 1240 I'241 
03 I°179 1197 I-21 D222 1'226 e227) 
o'4 1165 1'182 I‘I199 1°208 I‘'211 Tons 
O'5 Te) 17% 1°186 1'196 I‘201 1°205 
06 I‘I40 1‘160 1175 1'185 I°192 HOTNGY/ 
o-7 2.0) Tet a 1°165 MOI 7KO) 1185 1189 
o°8 I‘I20 I°142 1158 1°168 TOT Ges 1182 
o'9 jong) 1°134 ores 1'162 Tete re. 
bare) I‘108 1°128 1°144 1156 I'165 ToT 
egal I-I04 1-123 1°I39 I°I51 I'160 1'166 
12 I*I00 1118 rer LA; T1506 I'161 
12 1°096 moma PZT 1°43 152 ToS 
I°4 1'093 TL UE C027 1°139 I‘'149 oT 
I°5 I'ogo I°108 1°124 1°136 I‘'145 I°150 
1°6 | 1°087 I‘I05 E120 Tete2 I‘I4! 1°146 
177 | 1-084 I‘102 eae 1128 1°139 I'144 
1°8 1'082 1°099 Tenens 1°25 1'136 I'I41 
1'9 1°080 1:096 I‘IIO T1022 1163 1138 
2'0 1078 1'094 1°107 I‘120 TETEYC: 1136 


| length 3 cm., external diameter 4-729 mm., and internal diameter 1°777 mm. in con- 
junction with a soda-glass source of length 1-6 cm., external diameter 1-45 mm., and 
internal diameter 0-818 mm., filled with radon. The inside of the glass source was 
tightly packed with glass wool in order to approximate to a full radium-container. 
The experimental correction for the gold sheath, measured with ionization chamber 
“no. 1, was found to be 13-97 per cent, while the correction calculated on the lines 
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indicated above from table 10 was 14-07 per cent. This difference was within the 
limits of experimental error. 

An additional test was carried out to determine whether the influence of secondary 
radiation from the outer parts of a cylinder of silver varied with the distance between 
these metal parts and a central radioactive part; for this a silver sheath of apparent 
wall-thickness 1-63 mm. and internal diameter 8-8 mm. was used, with a radon 
source of silver capillary tubing supported in the centre. The measured percentage 
corrections were found to be 5:44, 6:00 and 6:17 per cent for ionization chambers 1, 
2 and 3 respectively, while the corresponding corrections calculated from table ro 
were 5°57, 6-05 and 6:23 per cent. The differences between these results will be seen 
to be of the order of 0-08 per cent, indicating that secondary radiation from the 
container walls should have little effect on the values of k in equation (23), even in 
the case of silver sheaths measured with ionization chamber no. I. 


Atomic number 


Figure 6. Variation of ju/p with atomic number for ionization chambers nos. 1, 2 and 3. 
——8 


, chamber no. 1; ----O----, chamber no. 2; —-——LJ——-, chamber no. 3. 


§14. VARIATION OF MASS-ABSORPTION COEFFICIENT 


It was considered of interest to follow the variation of the mass-absorption 
coefficient for gamma-rays with the atomic number of the absorbing material and 
with the thickness of the lead filter on the cylindrical ionization chamber, so further 
readings were taken with some sheaths, similar in shape to the thickest gold sheath, 
but made of aluminium, brass and an alloy of 10 parts by weight of silver and 7 parts 
of gold. The measured values of the mass absorption coefficient z/p are given in 
table 12 for sheaths of thickness 2 mm. 

The curves in figure 6, where j/p is plotted against the atomic number of the 
absorbing material, show that as the thickness of the lead filter is increased, z/p tends 
to a constant value for materials of lower atomic number, but that photoelectric and 
nuclear absorption play an important role for heavier elements such as gold and 
platinum. The increase in /p with increasing thickness of lead filter for the lighter 
materials shows that secondary radiationS”, emitted from parts of the absorbing 
sheath not in the direct measured beam, adds considerably to the measured ionization. 
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Table 12. Measured mass absorption coefficients 


| Mass absorption coefficie 
Material | Atomic | Density | : Sat 
number (g./cm.°) Chamber Chamber Chamber 

no.1I no. 2 no. 3 

Wood _ 4 040 | 0:036 | 07036 0:036 
Aluminium Ti 270 0:0338 0°0346 0:0360 
Brass 29'5 8-5 0°0313 00330 00354 
Silver 47 10°44 00312 0'0340 0'0359 
Silver-gold alloy 55°9 12°94 0'0377 0°0361 070355 
Platinum 78 21°3 0°0495 0°0441 0°0413 
Gold 79 192 | 070497 00448 00424 


From the results given in table 12 and figure 6 it should be possible to deduce, at 
least approximately, the percentage corrections to allow for absorption in cylindrical 
containers of wall-materials other than those covered by table ro. 


§15. DISCUSSION OF RESULTS 


The absorption results described in this paper show a general agreement with 
those of Kaye, Aston and Perry*» for platinum screens, but it can be seen that the 
curved front of the ionization chamber used here causes the absorption curves to 
assume a shape for the smaller thicknesses of the absorber slightly different from 
that which they have when the ionization chamber has a plane front. This effect is 
to be expected from geometrical considerations. 

It must be emphasized that the results given may apply only to a cylindrical 
ionization chamber lined with brass, and errors may arise”) if they are applied 
to measurements made.with a chamber of different lining, of different shape, or of 
widely different volume. 

Finally, it has been shown that, to obtain the true content of a radium-container 
from the measured content, the latter must be multiplied by a number of correction 
factors according to the following relation: 

(4) (8) (Nor) (4. tn 
where C, is the percentage correction for obliquity (§5-2), C, is the supplementary 
percentage correction for obliquity (§5-3), C; is the percentage correction for 
absorption in the apparent wall of the container (§13), C, is the percentage correction 
for absorption in the source-holder (§10), and C; is the percentage correction for 
absorption in the radioactive salt itself °*>* 

The relative accuracy of these experimentally determined factors was tested in 
the following manner. A laboratory substandard 20-mg. radium tube (of screenage 
ro mm. platinum) was calibrated in terms of the Australian national substandard 
tube (of screenage 0:27 mm. glass) under different experimental conditions, the 
results being given in table 13. It is seen that the corrections produce concordant 
results over a wide variety of experimental conditions. 

Evidence of the absolute accuracy of the corrections was obtained by measuring 


a particular radium-container that has recently been calibrated at the National 
Physical Laboratory. This involved at least six independent measurements. The 
National Physical Laboratory calibration involved the comparison of the container 
with at least one working substandard which had been calibrated in terms of the 
British national substandard. In this case, the corrections determined by the 
National Physical Laboratory for their particular experimental conditions would be 
used. The measurement in the Commonwealth Laboratory involved a similar set of 
comparisons based on the Australian national substandard, using the corrections for 
the experimental conditions described in this paper. The results of four independent 
experiments gave for the true radium-content 10°34, 10°41, 10°46 and 10-40 mg., 
with a mean of 10-40, and a mean departure of + 0-03: the content as certified by the 
National Physical Laboratory was 10-40. Although this absolute agreement is rather 
fortuitous, it can be claimed that the corrections deduced in this paper are sufficiently 
accurate for the present purposes. 


Table 13 
et . Laborat Laborat 
Ionization Source-to- National tube | 4 Fee ‘ yee 
chamber _ chamber correction Comecion eorrecied 
no. distance (cm.) factor factor content (mg.) 
I 30 10050 11232) 20°44 
I 40 1:0048 I°I229 20°24 
DZ 30 1°0048 I°1084 20°38 
2 40 1'0046 I°1082 20°35 
3 20 10053 I‘1003 20°27 
R 30 1'0046 1°0994 I 20°28 
Mean 20°33 +0:06 


By experience gained in this work, the measuring instrument described has been 
proved to be eminently suitable for ionization measurements, when a large number of 
readings have to be taken speedily and with small exposure of the operator. A fair 
degree of reproducibility (of the order of + 0-3 per cent) is obtained, especially with 
moderate source-to-chamber distances (15-40 cm.), with which large ionization 
currents are produced. On the other hand, the high initial cost of a valve amplifier 
and the maintenance of its batteries makes an electroscope more suitable for 
measurements of a routine nature. 
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ABSTRACT. A modification of the Drude method for the measurement of the optical 
constants of metals is described, in which the eye is replaced by a photoelectric cell and the 
extinction position is determined objectively by means of a Lindemann electrometer. By 
the use of a compensating device, the inaccuracy normally resulting from unsteadiness of 
the light source is avoided. The results of measurements on copper, nickel, chromium, 
palladium, and zinc are quoted. 


§1. INTRODUCTION 
Wie light initially plane-polarized at an azimuthal angle of 45° is reflected 


from a polished metallic surface, the analysis of the elliptically polarized 

reflected light provides the data necessary for the calculation of the optical 
constants of the metal. This method, devised by Drude‘, has previously been 
applied in this Laboratory to various alloys for wave-lengths within the visible 
spectrum™, The photoelectric instrument described below has been developed 
primarily in order to extend into the ultra-violet and infra-red regions of the spec- 
trum the range of wave-lengths for which the optical constants may be determined. 
At the same time the speed and accuracy of measurement in these regions of the 
spectrum are increased as compared with those achieved in the photographic and 
bolometric methods previously used, and the rapidity with which it is possible to 
complete a set of observations covering the whole wave-length range reduces the 
risk of error due to decay of the polished surface. The new instrument utilizes the 
same optical system as did the apparatus previously used for visual observations in 
this Laboratory, but dispenses with the half-shades and replaces the eye by a photo- 
electric cell. The details given below amplify the brief account already published™, 
and refer to the instrument as set up for observations in the visible and infra-red 
spectral regions. 


§2. THE APPARATUS AND THE EXPERIMENTAL METHOD 


2:1. The optical system. The components of the optical system are shown in 
figure 1. By means of a double monochromator, light of any required wave-length 
in the range 4000-12,000 A. is focused on slit S, and collimated by lens L, of the 
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goniometer G. After plane polarization at an azimuth of 45° by passage through the 
Glan-Thomson nicol prism N,, the light is incident on the plane polished surface 
MS of the specimen, and the reflected elliptically-polarized light passes through the 
Soleil-Babinet compensator SBC and analysing nicol prism N,. The emergent light 
is focused by lens L, on slit S, and finally falls on the cathode of the photocell C,. 
The phase-difference A introduced by the compensator in restoring plane-polariza- 
tion, and the azimuth % of the restored plane-polarized light, are the quantities 
measured experimentally. 

The rectangular slit S, has four independently adjustable edges and shields the 
photocell from light forming non-central images due to multiple reflection at the 
compensator faces. 


Figure 1. The optical system. 


Owing to the impossibility of securing complete extinction, about 1 per cent of 
background light remains in the central image, and the unsteadiness of all ordinary 
light-sources prevents an accurate setting for minimum illumination. 'To remove this 
difficulty a compensating beam and a second photocell are used. A microscope 
cover slip MCS placed immediately behind slit S, reflects a fraction of the incident 
light through a collimating lens L, to mirror M; this compensating beam then passes 
in succession through a weak convex lens L;, a fixed nicol prism N3, rotary prisms 
P,, P,, anda nicol prism N,, and finally falls on the cathode of photocell C,. Lenses 
L,, L,, Lz are achromatic. The source of light is either a 5-amp. automatic-feed 
carbon arc or a mercury vapour lamp. 

2:2. The electrical system. Figure 2 illustrates the photocell and electrometer 
circuits. The photoelectric currents produce small opposite potentials across the 
benzene-alcohol high resistance R,, the contact potential being first balanced out by 
the subsidiary circuit comprising a 2 Vv. accumulator of large capacity in series with a 
fixed resistance R, and a variable resistance R;. The potential across R, is recorded 
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by the needle N of a Lindemann electrometer. If the resistance R, is greater than 
10! ohms, the time period of the electrometer becomes too large. 

Opposite potentials are applied to the plates P,, P, of the electrometer by means 
of the circuit shown in the upper part of figure 2, in conjunction with a high-tension 
accumulator of variable voltage. S, alters the ratio of the potentials on P, and Py, 
and so enables the needle to be brought to its mechanical zero. R, is the fine zero 
control. R; alters the potentials on the plates without affecting their ratio; it alters 


10°. 


Figure 2. The electrical system. 


the sensitivity without affecting the zero position. K is the earthing key. The electro- 
meter needle is observed through a microscope magnifying about 1500 times. The 
photocells, electrometer, microscope, and resistances are housed in an earthed copper 
box having several compartments and arranged to rotate with the goniometer 
telescope arm. 

2°3. Method of observation. By the use of the telescope, the face of the specimen 
is first adjusted to lie in a vertical plane parallel with the beam of light and bisecting 
the field of view. ‘The telescope is then rotated to give the required angle of incidence 
and the specimen is adjusted to bring the image of slit S, on to the crossed ites 
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The telescope is then clamped, and slit S, is adjusted to exclude all but the main 
image. 

With a low electrometer-sensitivity, the approximate extinction positions of the 
compensator and analyser are obtained, the current due to background light being 
balanced out by adjustment of N,. With increased electrometer-sensitivity it is 
necessary to adjust the electrical zero so that it coincides with the mechanical zero, 
and to balance out the dark current of the photocells and the contact potential of the 
high resistance R,. Attention to these details is essential if the electrometer needle is 
to remain steady at sensitivities of the order of 10,000 divisions per volt. These 
adjustments are facilitated by the use of a shutter, remotely operated by the observer, 
which excludes the light from the monochrometer entrance slit. The final adjust- 
ments of the compensator and analyser are then carried out and readings are taken, 
during which the electrometer needle is never more than 20 divisions from the zero 
position. To complete a set of readings for any wave-length normally requires about 
Io min., the change from one wave-length to another taking about 5 min. 

2:4. Accuracy attained, and comparison with visual method. In the preliminary 
work, experiments were made to determine the accuracy attainable in the crossing of 
the nicol prisms with the apparatus shown in figure 1 but without the Soleil- 
Babinet compensator, the metallic specimen, and the compensating system, the 
nicol prisms N, and N, being in line with each other. The accuracy of the settings 
depends upon the total deflection which would be produced if the maximum inten- 
sity of light, Jmax, were incident on the photocell plate. The intensity J of the light 
emerging from the analyser is 

Te) eas SINS os 
where « is the rotation of N, from its true extinguishing position; thus 
6 =Omax sin? a, 


where @max is the deflection which would be produced by the maximum light- 
intensity and 6 is the deflection produced by the rotation of N, through the angle « 
from the extinction position. Hence if amin is the angle through which N, must be 
rotated to give an electrometer deflection of one division, 


: I 
SN ae 

The accuracy attainable in practice is higher than this, the reason being that a 
movement of as little as 0-1 of a division is readily observable. 

Comparison of two sets of 20 readings of the analyser and compensator, taken for 
light of wave-length 5780 a. by both methods, a polished nickel surface being used, 
shows that the mean deviation from the mean of the analyser readings is 9-6’ for the 
visual method, as compared with 4’ for the photoelectric method; whilst the respec- 
tive mean deviations of the sets of compensator readings are 0:0036 and 0-0043. Since 
the constant of the compensator used in the present apparatus is approximately 
double that of the compensator used in the visual apparatus, the probable error is 
actually only half that which obtains in the visual method. It isseen that the probable 
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error in the analyser setting is similarly reduced. More accurate results may there- 
fore be expected from the photoelectric method than were obtainable by the visual 
method previously used, and this increased accuracy is maintained throughout the 
whole spectrum—visible, infra-red, and ultra-violet-—provided that a suitable photo- 
cell is selected for each region. 

The Drude theory gives equations for and & in terms of A, ys, and @ the angle of 
incidence. From these, partial differential equations can be formed showing the 
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Figure 3. Curves showing variation of refractive index with wave-length for copper and nickel. 
Ingersoll; O Tool; @ Authors. 


variation of nm and k with the three measured quantities. It then follows that errors of 
00005 in A and 5’ in 2% when 2% is approximately 80° lead to values of dn and dk of 
ool approximately. Since the assumed errors are larger than often obtain in practice, 
the apparatus should be capable of yielding results of at least this order of accuracy. 


§3. MEASUREMENTS ON PURE METALS 


The results of measurements of the optical constants of five pure metals—copper, 
nickel, chromium, palladium and zinc—are included in this paper, and the values 
obtained for copper and nickel are compared with values previously obtained by 
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visual methods. Another paper“° contains the results of measurements on a series 
of copper-nickel alloys. 

3°1. Copper and nickel. The specimens were prepared as described by Lowery, 
Wilkinson and Smare® and measurements were made for wave-lengths in the 
range 4300-9500 A. The variation of the refractive index with wave-length is shown 
graphically in figure 3, which also includes results previously obtained by other 
workers, Numerical values are quoted in table 1. The absolute values of the 
constants are not identical with those given by previous workers, but this is not 
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Figure 4. 


important, as Lowery, Wilkinson and Smare™ have shown, provided that the curves 
of variation with wave-length are parallel, as they are here. The satisfactory agree- 
ment between old and new measurements for these two metals confirms that 
significant results of the expected order of accuracy are obtained with the new 
_ photoelectric instrument. 

3:2. Zinc. A specimen prepared as above was measured over the range 4300- 
11,300 A., with the results given in table 1, and represented graphically in figures 4-8. 
It is clear that zinc has an absorption band in the infra-red, nk approaching a maxi- 
mum at 8750 4.; the curves of n, k, n?—k?, show corresponding maxima or minima 
at 9250, 10,250 and 9800 A. respectively, while the reflection coefficient R has a 
_ minimum value at 10,000 a. The only previous measurement, a determination of R 
by a reflection method by Coblentz™, also gives a minimum value of R at 10,000 a. 

The existence of the infra-red absorption band confirms a suggestion made by 
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Table 1. 2 and A represent the experimentally observed settings of the nicol 
prism and compensator for extinction of the restored plane-polarized light, and 
n and k the values of refractive index and extinction coefficient calculated from 
these angles. The angle of incidence @ was 70° in each experiment 
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Mott and Jones“; the reason for its existence is not clear, but Mott and Jones 
suggest that it may be connected with the occupation of zones higher than 4 d. 

It should perhaps be emphasized that the values of the constants represent mean 
values, since the crystal symmetry is hexagonal, and the specimen was large and 
polycrystalline. 
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Figure 7. Figure 8. 


3:3. Chromium. We are indebted to Dr C. Sykes of Messrs Metropolitan- 
Vickers Ltd. for the gift of a piece of chromium: the preparation of the surface of this 
hard metal was accelerated by the use of disks of emery paper glued upon circular 
brass plates which were placed upon the polishing wheel and rotated at a suitable 
speed. The experimental results are set out in table 1 and figures 4-8. 

The measurements of Fréedericksz indicate that chromium has an absorption 
band at approximately 5500 a. Our results give no indication of the existence of an 
absorption band between 4000 and 11,000 a. There is, however, a very slight sug- 
gestion of a maximum in 7 and of an increase in k around 10,000 a., while n?— k? 
has a maximum in the same region: to test the possibility of the existence of an 
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absorption band in this region would require measurements extending to 13,000 A., 
outside the range of this instrument. Throughout the greater part of their common 
range the present results are in close agreement with those of Fréedericksz, but no 
minimum appears in our curve for nk against A, which, however, is almost identical 
with a curve drawn from a trial determination of nk made over the range 4400- 
g600 a. During the trial determination of the constants, the surface was tested for 
decay effects by measuring A a second time after a lapse of 24 hr. It was found that 
the difference between the compensator readings in the two instances was less than 
the probable error, and so it was concluded that a polished chromium surface shows 
no appreciable decay in 24 hr. 

Perhaps the most striking feature of the results is that n2—k? is shown to be 
positive for wave-lengths greater than 8000 a. This result disproves the assertion of 
Lowery, Bor and Wilkinson that n?—k? is always negative for metals. Smakula‘” 
and Froéhlich® have also observed the change in sign of n?—k? for silver at 3000 A. 

3°4. Palladium. A specimen prepared in the usual way gave the results shown in 
table 1 and figures 4-8. There is no absorption band between 4000 and g600 a., and 
if an absorption band exists (as has been suggested by Mott and Jones“) it must be 
sought in regions of still greater wave-length. The palladium surface shows no 
appreciable decay after exposure for 24 hr. 
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ABSTRACT. he paper contains experimental values of the optical constants, for the 


wave-length range 4000-10,000 A., of copper-nickel alloys ranging in composition from 
pure copper to pure nickel. The significance of the results is discussed briefly. 


Sie JUN AM ROUD LUKE APT OIN| 


which has been developed in this Laboratory for the purpose of determining the 

optical constants of metals over a range of wave-lengths including not only the 
visible but also the ultra-violet and infra-red regions of the spectrum. In that paper 
the results of measurements on copper, nickel, zinc, chromium, and palladium were 
quoted, and it was demonstrated that the new apparatus gives significant results 
which compare favourably with those obtained by the visual methods used 
previously. 

Measurements have also been made for a series of alloys of copper and nickel 
over the wave-length range 4000-10,000 A., and it is the purpose of this paper to 
present the data for these alloys, together with the data for pure copper and pure 
nickel, in a form suitable for the discussion of the variation of constants with varying 
wave-length and with varying composition. 


I: the preceding paper, details have been given of a new photoelectric apparatus 


§2. EXPERIMENTAL METHOD AND MATERIALS 


The copper-nickel alloys are particularly suitable for examination of the variation 
of optical constants with composition, for each of the pure metals crystallizes in a 
face-centred cubic lattice, the lattice dimensions are nearly the same for both, and 
the metals form a continuous series of alloys all with the same face-centred structure 
of phase-sites, with the atoms distributed at random among the phase-sites, and 
with lattice dimensions which change gradually as the composition is changed. The 
optical constants deduced from measurements made on a polished surface of a poly- 
crystalline block are thus characteristic of the alloy, and no complications arise such 
as might be anticipated in measurements of a non-cubic crystal or a crystal having 
superlattice structures. 

Measurements have been made on pure copper, pure nickel, and thirteen alloys 
with intermediate compositions, as shown in table 1. Specimens A to F were 
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machined from melts prepared zm vacuo in an induction furnace, and were after- 
wards polished, annealed to secure homogeneity, repolished, re-annealed to remove 
cold work, and given a final light polish before measurement; they are rectangular, 
measuring 3 cm. x 2 Cm. x I cm. approximately. Specimens G to N were prepared 
by Lowery, Bor and Wilkinson for the earlier experiments in which a visual method 
was used™, and are considerably smaller, the polished surface being circular with 
diameters ranging from 1-5 to 2 cm. approximately. Before measurement the 
surfaces of these specimens were treated with emery to remove the oxide layer 
formed on prolonged exposure, and polished with magnesia and water: they were 
not annealed to remove cold work. Both because of the smaller size of the reflecting 
surface, and because of the simplified treatment of the surface, the results obtained 
from these alloys may be less accurate than those obtained from specimens A to F. 


Table 1 


| Me Arbitrary constant added in 
| Les, Composition of alloy plotting figures 1 to 6 
Nickel Copper n | k nk 
Copper ° 100 =0°4 =1-5 —1-'0 
“Al 3°0 | 97'0 =Crak = Ong ° 
B 5:5 94°5 —O'2 ° ° 
G | 8°5 QI°5 —o'l 1° O°5 
D Tass 88-7 ° 270 125 
E 1327 86-3 ° 25 rare) 
fe 16°5 83°5 0°25 4°0 3°5 
G | 24°7 75°3 SES gal s7, qe 
HT | 35°2 64°8 = it) = 1107 = 1S) 
J | 45°1 54°9 =0'5 m4 O°5 
K | Rae2 46°8 — 0:4 —1'0 2'0 
£ 64:9 Beer ol =CP3) 50 
| M 76:0 | 24°0 | O'5 ° 6-0 
| N 878 122 axe) O°5 9:0 
| Nickel 100 fo) I°5 1'0 12'0 


Table 2 contains values of the refractive index n, the extinction coefficient k, and 
the absorption coefficient mk, for all the alloys for wave-lengths in the range 4000— 
10,000 A. The variations of n, k and nk with wave-length and with composition are 
shown in figures 1-7, which also include the data for pure copper and pure nickel 
quoted in the paper preceding the present one. It should be particularly noted that, 
in drawing figures 1-6, arbitrary constants have been added in order to separate 
the curves appearing in each diagram: the values of these constants are quoted in 


table 1. 
§3. DISCUSSION Cue WMS PUSS IBARS 


3:1. The absorption coefficient nk. Figure 5 shows that the position of the lower 
wave-length limit of the absorption band of pure copper (at 6000 a.) is practically 
unaffected by the addition of nickel up to approximately 15 per cent of nickel 
(between specimen E£ and specimen F). Figure 6 shows that for specimens con- 
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Table 2. 2% and A (or r80°—A) represent the experimentally observed settings of 
the nicol prism and compensator for extinction of the restored plane-polarized 
light, and and k the values of refractive index and extinction coefficient 
calculated from these angles. The angle of incidence (0) was 70° for specimens A 
to F and for pure copper and pure nickel, and was 63° for specimens G to N. 


Specimens A to F 


Composition Wave- 
of alloy length (a.) 24 3 ue R nk 
Copper 97, 4358 64° 36’ 72° 52' 0°99 1°56 1°54 
nickel 3 5000 Oy Ait gif Bi 0'92 1°76 1°62 
5461 FO Git Somes o:81 1°88 1°52 
5780 TiS eral a 0°63 2°03 T2277 
6200 Woy & 88 55 0°52 2am I‘'19 
6400 WO) 33 gI 10 o'5I 2°42 ORY, 
6600 80 15 94 +I 0°50 2°56 1:28 
6800 80 21 95 24 0°52 2°63 1°36 
7000 80 58 96 47 o'5I Dogri 1°62 
7500 80 56 102 19 0°54 BuO) 1°63 
8000 S2uert 106 58 o'5I Bean 1°70 
8500 82 9 10g 46 0°55 3°50 1°92 
gooo 83 44 TQ TO O'5I 3°70 1°90 
9400 83 44 ag, Zs: 0°54 4°10 2°20 
Copper 94°5, 4358 63 50 81 49 I°IO 1°86 2°05 
nickel 5:5 5000 68 19 77 0G 0°99 DUR 2:10 
5461 Wi © 89 58 0°90 2°28 2°04 
5780 75 48 92 27 0°70 2°45 1°72 
6200 Gis 52 98 41 0°62 2°79 172 
6400 79 16 1or 38 0°63 2:96 1°86 
6600 79 41 TO2 5 2 0°62 3°05 1°90 
6800 80 33 ROSMES aL 0:60 B22 1°95 
7000 80 31 108 5 0°65 3°42 2222) 
7200 80 48 TOMS 0°65 Bsr 2:28 
7500 80 25 Tne @F o'71 3°66 2°59 
8000 80 59 PLO 27 O-75 ZO7/ 2°95 
8500 80 53 TL Ouei7 o'81 4°20 3°40 
gooo 81 38 FQ ley 0°84 4°58 3°84 
9400 80 53 125 25 0°89 4°78 4°24 
Coppei 91°5, 4358 62843 78 41 OTT 112 rr 
nickel 8-5 5000 67 16 83 58 0:99 ae ee 
5461 69 18 88 17 0°95 2:18 2:08 
5780 Taal: gl 0 0°85 2°34 1°99 
6200 Foy = 3 O77 TO O"75 2°69 2°01 
6500 Gia i 100 34 o'74 2°87 PVD 
6800 Wap XO. 103 54 0°74 3°07 2:28 
7000 77 54 105 35 0°76 3°16 2°47 
7200 TAs 107 58 o'81 Bae 2°70 
7400 TTA 10g 42 0°86 3°42 2°93 
7600 Ws Gy wien yy 0:86 3°58 3°09 
8000 ‘ais Tes TTR, Xo) 0'90 3°71 Bo38 
8500 78 44 iy 2 0°93 3°97 3°70 
gooo 78 41 I1g 58 1:02 4°20 4°27 
9400 Wks wal 122 ot 4°38 4°92 
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Table 2 (cont.) 


Composition  Wave- | | 
of alloy length (a.) | 24 A | n k nk 
Coppers8:7,./ 4358 ~ | 61° 44’ FI sty. Ill 1°60 1°76 
ue xelhienes3 || See) | ae SOl5 6) 8 ll co 1°86 1°86 
5461 168 4a esses 0°95 2°06 1°96 
| 5780 | 70 2 hy lit 0:90 2G] 1°95 
6200 | 75 15 94 II O75 22 1°89 
6500 | 75 42 97 59 0-78 272, API 
6800 77 ak | Ior 28 O"75 2°92 2°20 
7100 76 48 | 104 24 o'81 3°08 2°50 
7400 | 76 47 | 106 17 0°84 Bong 2°69 
7700 =6| = 76 56 108 30 O91 3°41 Bove 
8000 | 77 3 IIo 9 "90 3°44 3°09 
8300 | 77 19 Tat 3 Oo 0°88 3°64 BT 
8600 | 76 50 II5 40 I'05 3°81 3°98 
gooo =| 76 49 II8 25 Tete) 4°02 4°52 
9400 | 77 48 120 42 oie 4°23 4°72 
Copper 86:3, 4358. | 62-55 | $3 47 117 1°92 2°24 
mickell 1g ~7 5000 | 66 29 88 54 1°09 2aiG, 2°35 
| 5500 68 50 92 30 1°04 Daly 2°44 
6000 JB oe 97 46 0°93 2°66 2°48 
6500 | 73 48 103 33 0°97 2°98 2°89 
7200 4 Oo ee LOS 20 1°04 B27 3°41 
7500 | 74 6 III 50 I'14 3°48 3°95 
8000 | 74 41 116 42 1°24 3°82 4°72 
8300 | 74 26 TPG) 23 1°28 3°87 4°96 
8600 Ws 25 THO) ity 1°34 4°00 5°38 
8900 74 49 119 34 x°37 4°08 560 
9200 | 74 24 | 121 34 1°43 4°18 5°98 
9500) | 74. 29) ||) 61227 35 1°47 4°27 6:25 

| | | 

Copper $35) | 4358 |, 160 2 | 61 38 1°08 1°18 1°27 
nickel 16:5 | 5000 l-—=68: 42 7O 30 0°93 1°48 1°38 
SADT O7.63 5 76 52 o'9I 72, 1°56 
| 5780 | 68 46 8r 10 0:90 1°89 1°70 
| 6300 | 69 35 84 43 0-90 2°04 1°84 
0700 | FO © gI 56 0'97 225 2°28 
7100 70 30 96 o I'OI 2°54 2507 
75 OOM ee OU 99 28 1°07 2°70 2°90 
8000 7O 52 102 41 Tete, 2°87 B20 
8400 OMS TOSmesit 1°20 3°01 3°61 
8800 70 «68 LO7me20 1°29 BTC) 3°99 
9200 70 41 109 37 1°30 3°24 4°20 
I. 9600 7O 31 III 10 1°35 3°33 4°49 


taining more than 25 per cent of nickel there is no trace of a minimum in nk in the 
region of wave-length investigated. 

3:2. The refractive index n. Figures 1 and 2 suggest that the absorption band is 
shifted by about 500 4. to slightly shorter wave-lengths as the nickel-content in- 
creases from o to approximately 17 per cent, and that there is no longer an absorption 
band in this region for nickel-contents of 25 per cent or more. Figure 7 shows the 
variation of refractive index with composition for each of the wave-lengths 5000, 
6000, 8000 and 10,000 A., and confirms the findings of Lowery, Bor and Wilkinson‘ 
in experiments covering a more limited range of wave-lengths: the effect of the 


946 ¥. Bor, A. Hobson and C. Wood 


Table 2 (cont.) 


Specimens G to N 


Composition Wave- é 
of alloy length (A.) 2b 180°—A ike k 
Copper 75:3, 4358 64° 24’ 78° 45° I-O1 a e7t 
nickel 24°7 5000 66 55 WA Be 1°02 1°96 
5500 68 43 67 19 1°06 2°20 
6000 7o 8 62 12 eT 2°46 
6500 70 30 Ba) 323 22 2°68 
7000 7° 44 54 4 1°34 2°88 
7500 Gi 20) 51 18 I°4I 3°07 
8000 Git 1G 49 20 1°52 3:18 
8500 71 59 47 37 1°55 3°32 
gooo 71 50 45 52 1°64 3°41 
9500 Tia se 44 46 r-7t 3°51 
10000 72 40 43 26 wT 3°64. 
Copper 64:8, 4358 66 12 64 18 1°24 2°25 
nickel 35-2 5000 67 43 57050 1°36 PSG) 
5500 68 14 530 1°50 2°80 
6000 68 27 49 30 1°67 3°02 
6500 68 32 AG) 7th 1°86 B22 
7000 68 40 44 10 1°97 3°33 
7500 68 40 At sO Ze, 3°46 
8000 69 26 4I 34 2°10 3°54 
8500 69 22 39 59 222 3°64 
gooo 7 Ommele Be Bil 2°30 3°83 
9500 70 28 36 55 2°42 3°94 
10000 KO) 34 10 252) 4°43 
Copper 54°9, 4358 65 45 60 19 137 2°40 
nickel 45:1 5000 Oy oO 54 28 1-52 Duyitt 
5500 67 28 50 47 1°68 2°89 
6000 68 5 AG 300) 1°82 Bi) 
6500 68 23 45 42 1°89 B28) 
7000 69 3 43 48 1°97 3°38 
7500 69 3 41 28 PTD 3°52 
8000 69 30 pe 2°14 3°58 
8500 Tol 21 AOD 2°14 2773) 
gooo 70 59 38 26 22 3°88 
9500 Wx ©) 20855 228 4°11 
10000 i 2oe 35 41 ROT 4°25 
Copper 46°8, 4358 64 39 55 25 1°60 2°56 
nickel 53:2 5000 65 47 5I 24 1-73 2°79 
5500 66 8 ASmere2 1°88 2°96 
6000 66 53 46 8 1°95 3°11 
6500 67 15 43 33 2°09 3°26 
7000 O74 41 55 2°18 3°53 
7500 68 47 40 0 2°20 3°59 
8000 Oma 38 «66 227 3°90 
8500 71 48 Ay 3 2°30 4°06 
gooo 71 49 34 51 2°61 4°24 
9500 VES Ae 34 30 2°52 4°31 
10000 T2620 32 44 2°61 4°62 


The optical constants of copper-nickel alloys 947 


Table 2 (cont.) 


Composition | Wave- | ; 
of alloy | length (a.) | au 180°—A n ye Aye 
Copper 35°1, | 4358 G4 rr 1 es, 35) 62 nou 
nickel 64-9 | = 5000 65° 6 2 eo | 1°68 5-08 ie 
WesCo | S05. Sh a) “eon sne i Mero 2°86 5°13 
6000 COF/f 67 40 aay 7 | 3°06 5°70 
6500 OF. Sr 46 13 1°89 3°16 5°98 
7000 OS ste eS S77) 2°01 2531 6°65 
75 COm=y ne 7 OO en | ee on, POH || Ree PIU 
S000: | “yo 46" | #40 30 2°09 Beal 70 
8500 esse aos ALi) 3°90 8-41 
gooo =|) 71 «54 36 41 2:33 9) 4°ro 9°54 
9500's |) 972 30° if “a5 fo 2°42 4:29 10°40 
I000c0)— || 72 «440 BG 2°65 4°45 II‘go 
Copper 24, 4358 65-9.) |, 54, 34 1°62 2°62 4°23 
nickel 76 | .5006>= |] 166° 77 |) 45630 TA: 2°84 4°91 
5500 | «667 33] S47 «46 1-82 3°06 S257 
6000 | 68 35 44 38 1°94 3°30 6:40 
6500 | 69 54 42 36 | 1:99 3°51 7°O1 
POCO FORBG., |) p4t 64) | 20s B07, 753 
FOO) S27 33 38 54 2:18 3°87 8-45 
SOOOns en 46 20) 5) 2°30 4°06 9°31 
S5 COs Mim 24. 3502s 2°39 4°28 10°20 
go0o | )6=— 73 24 0—C | 344 2°46 4°49 II‘10 
9500 AO mele 203 2°54 4:74 LATS 
19CO0 A Oe fas, | 31k IE 2°66 5°00 13°30 
Copper 12:2, ney XS) GREY yt TOES 2°61 : 
nickel 87:8 5000 68 8 5r 48°} sae 2°89 ie 
5500 69 20 48 7 eye) 3°15 5°34 
6000 HO: Tete 2) eel Se 1°84 3°40 6:24 
6500 pl ates AQ ii 1°94 3°65 7°07 
FOO) | e=t725 0 S0m52 DOR 3°88 7°88 
7500 72 15 37,151 2°19 4°04 8°84 
8000 Lan t4 AD AO || eae 4°24 9°41 
8500 Tease 0 3449 2:35) | 445 10°50 
gooo 74 +1 33°27 e247 |! 64:65 11°40 
9500 74 55 32 17 2°51 4°84 12°10 
ioyeyere; || aly as) 31 49 249 | 4:94 12°30 


addition of nickel is very marked for nickel-contents less than about 40 per cent. 
Mott™ has suggested that this may be due to the ejection of electrons from the 


closed shell of nickel. 


i 


3:3. The extinction coefficient k. Figures 3 and 4 show that the addition of nickel 
to copper produces a slight though significant change in the position of the minimum 
in k from 5600 a. in pure copper to 6000 A. in specimen F (approximately 17 per cent 
of nickel), while no minimum appears from 25 per cent of nickel (specimen G) 
upwards to pure nickel. 

3:4. Comparison with theory. Mott has given a formula from which the posi- 
tion of the lower wave-length limit of the absorption band of a copper-nickel alloy 


may be calculated: for specimen D, for example, with approximately ro per cent of 


nickel, the formula predicts a minimum in the nk curve at approximately 8000 a., 
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with further shift of the minimum towards longer wave-lengths as the nickel- 
content increases. 

The observations represented graphically in figure 5 give no indication of a 
displacement of this order of magnitude: if the position of the minimum shifts at all, 
it is by not more than 500 a. There is a shift in the minimum of & of about the same 
order of magnitude. 

The slight flattening which appears in the region of 8000 A. in the curves of 
refractive index for specimens G to N and for pure nickel, figure 2, may be signi- 
ficant, but more accurate experiments than could be attempted with these materials 
are necessary to test this point. 

2:70 


2°45 


10 20 30 40 50 60 70 80 90 100 
— Atomic percentage of nickel 


Figure 7. @ 10,0004.; A 8000A.; © 6500 4.; X 5000 A. 
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ABSTRACT. This paper presents a derivation of the steady-state potential distribution 
in a space bounded by coaxial cylinders, between which a homogeneous electron current 
flows. The problem is not formally soluble, but the solution is represented by twenty-four 
particular solutions covering the whole range of values of the variables likely to occur in 
practice. The potential equation, derived through the equation of motion of an electron, 
is reduced to a non-dimensional second-order form. The complete solution of this is 
obtainable by evaluating a singly infinite set of solutions, as the independent variable has 
an arbitrary zero. The physical meaning of this form of solution is expressed in similarity 
theorems. The behaviour of the solution in limiting cases, and the approximate graphical 
solution of the first-order form, suggested the procedure adopted in solving the second- 
order equation, which was suitable for integration by means of the differential analyser. 
In some solutions, a singularity in the potential equation was avoided by numerical 
integration of the equation of motion, to give initial conditions for the mechanical integra- 
tion away from the singularity. The solutions are tabulated. Some applications of the 
results to thermionic valve problems are illustrated by numerical examples. 


Spies ONTARIO NB NOME AP ON] 


HE electric currents in an evacuated space are determined by the geometry 

| and the potentials of the electrodes in the space, and the number of electrons 

admitted to the space from various electrodes. To determine the relations 

between the potentials and currents, it is necessary to investigate the motions of the 

electrons under the influence of a field which itself depends on the distribution of 

space charge consisting of those same electrons whose motions constitute the 
currents between the electrodes. 

For the one-dimensional case, in which the electrodes are parallel planes and 
electrons are emitted uniformly from all parts of one plane, the equation of motion 
of an electron, and, for a steady state, the corresponding equation for the potential 
distribution, can be solved formally, both for steady-state conditions* and for 
certain time-varying conditions. 

A cylindrical arrangement of electrodes corresponds much more closely to the 

* See, for example, the paper by Fay, Samuel, and Shockley“) and references therein; and those 


by Below), Fowler, Gossling and Stern‘S), Lukoshkow7), 
+ See the paper by Benham‘) and references therein. 
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actual arrangement in many thermionic valves, but the equations for this case are 
not formally soluble, even for steady-state conditions. Two special solutions have 
been evaluated numerically by Langmuir and Blodgett’; these refer to the 
particular case of complete space-charge limitation, i.e. the case in which the electric 
field is zero at the same radius (in practice usually the cathode radius) at which the 
velocity of the electrons is zero. These solutions are often sufficient for the study of 
conditions between the cathode of a cylindrical valve and the electrode nearest the 
cathode, but give no information about conditions outside that second electrode, 
except in very special cases. 

‘Thus, both in the design of valves and in the analysis of the results of experimental 
work on them, it would be very useful to have a more extensive set of solutions of 
the equations of motion (or, for the steady state, of the equivalent equation for the 
potential) for the axially symmetrical case, covering the whole range of conditions 
likely to occur in practice. The object of the work described in this paper is to obtain 
such a set of steady-state solutions. The evaluation of solutions for potentials and 
currents, varying so rapidly that they change by an appreciable amount during the 
time taken by an electron to cross the interelectrode space, is a more elaborate and 
much more extensive problem. Work on it is in progress. 

It is true that in an actual valve the equipotentials in the neighbourhood of the 
grid are not cylindrical surfaces. The effect of this can be made very small,* and in 
order to determine it from the observed characteristics of a valve, the solution of the 
equations for the ideal axially symmetrical case is required. 

It will be assumed that the electrons emitted from the cathode have all the same 
velocity. This is not strictly true, but, in many cases, the range of thermal energies 
is small compared with the energy acquired by an electron in moving between the 
electrodes, and the use of results referring to a homogeneous electron stream will 
not involve serious error. 

In practice, in the use of valves, the potentials applied to the electrodes are 
usually the given quantities and the currents are determined, and expressed, as 
functions of the potentials. But analytically it is inconvenient to solve the equations 
directly for given values of the potential at different radi1; it is much more con- 
venient to take the current, which is independent of the radius, as given, and to 
determine the potential-distribution. ‘The solution of any practical valve problem is 
then a matter of interpolation; some examples of this use of the results are given in 
§ 10. 

The equation for the potential distribution, in a steady state, is a non-linear 
second-order differential equation, and can be transformed into a form very con- 
venient, over most of the range, for mechanical integration by means of the 
differential analyser.t Some of the solutions have a singularity at a point which can 
conveniently be taken as the starting-point of the integration. Solution in series, or 
by the use of another form of the equation, is necessary in this neighbourhood, and 


* For an examination of this effect in the absence of space charge, see the paper by Rosenhead 
and Daymond®), 
ap tees Wi Bush), 
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this small part of the calculations was done numerically; otherwise all the solutions 
here tabulated have been evaluated by the use of the differential analyser at Man- 
chester University. 
§2. GENERAL THEORY 

We consider an axially symmetrical distribution of charge and current, in the 
absence of a magnetic field, so that the paths of electrons are radially outwards. 
We first deal with the general case in which the distribution of charge and current 
is varying with the time, and then obtain the form to which the equations reduce in 
the steady state. Magnitudes of electrical quantities are supposed to be expressed 
in electrostatic units. 

If, at radius r, the space-charge density is p and the velocity of the electrons 
is v, the convection current 7 per unit axial length of electrodes is given by 

t=2701pUs =~ a eee (1) 


If Fis the field at this radius, the density of the displacement current is (1/47) 0E/¢t, 
so that /, the sum of the convection and displacement current-densities, is given by 


J =pv+(1/47) 0E/ot 
radially outwards, and J, the sum of the convection and displacement currents per 
unit axial length, is given by 


l=2arj =22r [pu +(j4z) CE/ct|; ee (2) 
Since div J is identically zero, it follows that 
oLjor=0,..9.  » «S43 eee (3) 


so that J is a function of ¢ only, and is equal to the current per unit axial length in 
the bounding electrodes themselves. 
Also, the relation between the field and charge distribution is 


: rae. 
47p = div E= aa (7); = *) = Sala (4) 


since E is radial and axially symmetrical; and the relation between the field and the 
motion of the electron is 
Gh Tel 


iB Ge ee ee ee (5) 


where d/dt implies the total rate of change following the motion of an electron. 
Multiplying equation (5) by 7, and taking the total derivative d/dt, we get 


ANSON ed euine r) 4 
a? ae) ms dt CO E (E) +0 5, (72) |, 


since v is radial. Substituting from equation (4) we have 


d (SOT tena ; 
di (" ae) E GE )-+4nrpe | 


m 


=F 1 () a. (6) 
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from equation (2). Here J has been written as J (t) to indicate explicitly that it is 
a function of t only, as has already been shown in equation (3). 

When the current in the external circuit, and so J, is varying with the time, the 
distribution of charge and current in the interelectrode space is a function of the 
two variables r and f¢, and it would be expected at first that a partial differential 
equation would be required to describe it. But equation (6) shows that, by con- 
sidering the time variation along each electron path, rather than at a point in space, 
the problem can be reduced to the solution of an ordinary differential equation. 

For a steady state, /=7 and is constant, so that equation (6) reduces to 


Gif aN 126s: 
a (7 Fal =o ee rc (7) 
Did oh, 
Also oe (4v?), 
do d d 
and for a steady state Pam and apn Oa 


We will suppose the potential V to be measured from a conventional zero at the 
cathode, from which the electrons are emitted with zero velocity. Then, for electrons 
of charge e (which is negative), 


sie. aap ey. te 7. (8) 
and equation (7) can be written alternatively in the form* 
Sal oes Es TNE ea 
ra 5 a ee (9) 


This equation could be written down more shortly from Poisson’s equation and 
equations (1) and (8); but it is only applicable to a steady state, and we have preferred 
to derive it from the more general equation (6), through equation (7) which plays 
an important part in the present work. 


§3. REDUCTION OF EQUATIONS TO NON-DIMENSIONAL FORM 


It is convenient to eliminate the constants e and m, and the current z, by a change 
of variables which is equivalent to a choice of scale for the measures of 7, t, and V. 
If 7, is a typical length (for example, the radius of an electrode, or, in the process of 
solution of the equation, the radius from which the solution is started) we write 


eiph er (EON Ge spe PON AMEN asl ' 
Near alae T=(< 72) Le Atal li] | Vr 2B (10) 
These quantities are all non-dimensional.t Then equations (7) and (9) reduce to 
d a?R 
Hanes 05000 (11) 
d (p4b\_4 4-4 
and IR (R IR) 79? ee ee (12) 


* Note that in equation (7), 7 and e are both negative for an outwards current of electrons. 
+ i has the dimensions of current + length, since it is the current per unit axial length of the 
electrodes. 
61-2 
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respectively. It is convenient to have a factor on the right-hand side of equation 
(12) for a reason which will appear later. If we put 


€=log:R; "= ee (13) 
equation (12) takes the alternative form 

dh 4eé& 

iE a ge ee U””C™:C~™~C GC (14) 


The general solution of equation (12) involves two arbitrary constants, but one 
of these is simply a constant of homology, for if =f (R) is a solution of equation 
(12), then 6 =a- f (aR) is a solution for any constant a, so that the whole field can 
be covered by evaluating a singly infinite set of solutions for different values of the 
other constant. 

From this form of the solution follow two model, or similarity, theorems relating 
the steady potentials and currents in different valves, or in the same valve under 
different conditions, namely: (i)* In any cylindrical valve, if all the currents are 
multiplied by a factor 7, and the potentials at all electrodes by a factor n*, then the 
potential at any point in the space is multiplied by the factor n3. (ii) If a model of 
any cylindrical valve be made, in which all the radii are multiplied by a factor n, and 
if the electrode potentials are n® times those in the original valve, the currents 
remaining unchanged, then to potential V at radius r in the first valve there corre- 
sponds a potential 73V at radius nr in the second valve. 

From theorems (1) and (ii) in conjunction it follows that: (ii1) in any model 
of a cylindrical valve, if all the currents are multiplied by a factor n, and all the 
radii by a factor n-1, the electrode potentials remaining unchanged, then to 
potential V at radius r in the original valve there corresponds a potential V at 
radius n—'y in the model. 


§4. FURTHER REDUCTION OF THE EQUATIONS 


From the form ¢=a-? f (aR) (with any constant a) for the solutions of equation 
(12), it follows that the equation for 6/R? is homogeneous in R, and this suggests the 
use of € given by equation (13) as independent variable, and ® as dependent variable, 


where O=4d/Ri=e#8 dp. (15) 
The use of these variables transforms equation (12) to 

ao 4dO 4 eee 

de EG ae 5 Pag ph Seas. (16) 


and this form of the equation has been found the most convenient for solution by 
means of the differential analyser. 

We will need the relation between the solution of the reduced form (11) of 
equation (7), and the solution of the reduced form (12) of equation (9), or the 


* It is easy to prove, from the fundamental equations, that this theorem is true for a vacuum 
thermionic device having any geometry. 


Distribution of potential in cylindrical thermionic valves 957 


equivalent equation (16). From the relations (10), or more directly by making 
the substitution T= A fé—$dR, it is found that A =(2/9)}, so that 


$=(2/9)8 (dR/dT)?, dd/dR=2 (2/9) d2R/dT?, | 


dT? 
Further, since € does not occur explicitly in equation (16), this equation can be 
reduced to a first-order equation by the substitution 
dD d’>® dp 


® = (2/9)? R-3 (dR/dT)?, d®/dé=2 la)! Ri d*R 10 | Pon (17) 


E Dp, dB ef con dey (18) 
eee dp 4 49-04 
This gives ee (aCeeee ea (19) 


§5. BEHAVIOUR OF THE SOLUTION IN SPECIAL CASES 


In the evaluation of the solutions, and in the use of the results, it is convenient 
to know the behaviour of © in certain limiting cases, namely (i) in the neighbourhood 
of a zero of ®, (ii) when ®S1, and (iii) when € > 00. 

(i) Near a zero of ®. At a zero of ® (and hence of the electron velocity) the 
solution of equation (16) has a singularity on account of the ®-* term, which gives 
a formal infinity in the space-charge density where the electron velocity is zero. 
For electrons accelerated outwards from an electrode which they leave at zero 
velocity, this singularity obviously occurs at a finite value of 7; we shall show that it 
also occurs at a finite value of 7, if at all, for electrons retarded as they move outward. 

In the neighbourhood of a zero of ®, the term in ®~*/p is the leading term on the 
right-hand side of equation (19).* Omitting the other terms and solving the 


resulting equation, we have Seer ery eee i Ne Rumer es) 
where fy, is the value of p when ®=o. Now from the definition of p, it follows that 


and with p given by equation (20), this converges at ® =o, both for zero and for 
non-zero values of ~,. Hence the value of € at a zero of ® is finite. 

The integration of equation (16) by any method would clearly be troublesome 
in the immediate neighbourhood of a singularity such as that at D =o, especially for 
small but non-zero values of py. It is then convenient to use the reduced form (11) 
of the equation of motion of an electron, rather than the reduced form (12) of the 
equation for the potential distribution. 

Taking T=o and R=1 at the time and radius at which the velocity, and so O, 
are zero, and integrating equation (11) once, we have 


ad?R aR 
R gn! + (a7). ee (21) 
with dR/dT=0, R=1 when T=o. 


* It is easily verified that, consistently with this equation, this term cannot be of the order of 
unity or of any smaller order. 
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This equation with these initial conditions can be solved in series, or numerically 
either by direct integration or by iteration. In particular, when (d?R/dT*))=09, it 


becomes @R T 
alee R’ 
and the first few terms of a solution in series are found to be 
R=142T?—qhol*+ aso! —aot0e tt tee (22) 


(ii) ® large. When ® > 1, the term in O-? in equation (16) is small compared with 
the term in ®, and may be neglected without serious error; even when © is 25 the 
error is less than 1 per cent. When ®- is neglected, the solution of equation (16) 


peeouies bac th (4p "eee (23) 
where A and B are arbitrary constants, so that 
6=A+BE=A'+Blogr. eee (24) 


This would be expected, since the ®-* term in equation (16) is that which arises 
from the presence of space charge, and, in the absence of space charge, the field of 
an axially symmetrical distribution of charge has a logarithmic potential. 

(iii) € large. It follows from the results already obtained, that as € — 00, M cannot 
tend to o or 0, for from § 5(i) it follows that a zero of ®, if any, must occur at a 
finite value of €; and from § 5(ii), if D> 1, it is given by equation (23) and so cannot 
remain large as € +00. Hence ® must tend to a constant value or must oscillate. 

If ® tends to a constant value, this must be 1; this is the reason for the choice of 
the reduction factor for V in formulae (10) so that a constant § appears in equation 
(12). To find how ® approaches 1, we put ®=1+y, and neglect y?. Solving the 
resulting equation, we find 

O~1+ Be-¥ cos [(2/9bEt+y]. sees (25) 


This shows that ® oscillates with rather a long period in € and a very large damping. 
The half period is about 6-65 in €, corresponding to a ratio of about 1000 to 1 in R, 
and the decrease in | ®—1 | is by a factor of about 85 per half period. 

This is closely connected with the oscillation in 8? found by Langmuir and 
Blodgett in their solution of equation (9) for electrons starting from rest at the 
cathode under conditions of complete space-charge limitation. If, for this case, we 
take rg as the cathode radius, we have from equations (10) and (15) 


Fa) 
a 
™m 


ae 


‘lil re] Gina ®, 


h wees * ipod 
whence lez. Al ) vijrot, meek (26) 


But Langmuir defines 6? by 


Hence B2=O?. (27) 
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This oscillation is a curious feature of the solutions of equation (16), as is shown 
most clearly by consideration of the potential required to produce a given current 
to an anode, of fixed radius r, in a diode, for different values of the cathode radius Te 
(small compared to r) under conditions of complete space-charge limitation and 
zero initial velocity. From formula (26) the only effect of the cathode radius 1 
on the [7, V] relation under these conditions arises from the dependence of ® on 
(r/r,), which is oscillatory; hence, as the cathode radius is decreased, the potential 
required to produce a given current oscillates, instead of varying monotonically as 
would rather be expected. 


§6. FIRST-ORDER FORM OF EQUATION 


Further light on the general behaviour of the solutions is obtained by considering 
the first-order equation (19). The general form of the solution of this equation can 
be sketched by the method of isoclinals. On a diagram of p against ®, figure 1, are 
drawn a number of loci on each of which dp/d® is constant, and each of these curves 
is crossed by a number of short lines at the corresponding value of dp/d®. If a 
curve is then drawn so that, at each point at which it cuts one of the loci, it has the 
slope of the cross lines on that locus, it is an integral curve of equation (19). Some 
such curves are sketched in. Near ®=o it is difficult to sketch the integral curve 
from the isoclinals, and the result (20) for the behaviour of p in this region may be 
used. 

The line p= —29 is also drawn. Since ¢? is proportional to the electron-velocity, 
it follows that the electron acceleration, and hence the field, is zero where d¢/dé=0, 
and since 6 =e? ®, it follows that at such a point p+2®=o0. Hence the point in 
figure 1 at which an integral curve cuts the line p= —2® represents a point in the 
interelectrode space at which the field is zero. The region of figure 1 lying above this 
line is the region in which the electrons are accelerated outwards, and the region 
below it is that in which they are retarded. 

Most of the integral curves (all except those which cut the negative p axis) have 
the general shape of spirals converging rapidly on the singular point O=1, p=o. 
Since é=fd®/p, and, for clockwise description of the spirals, d® and p have the same 
sign, it follows that this direction of description corresponds to € (and sor) increasing, 
so the rapid convergence of the spirals to ®=1 shows that, as € — 00, ® tends to 1, 
and oscillates about ®=1 with rapidly decreasing amplitude, as we have already 
seen from equation (25). 

Of the loci dp/d® = constant, that on which dp/d® = — 3 is of particular interest. 


Its equation is eo ee 8 8 eae (28) 
so that it also has the slope —2 at infinity. Thus there is an integral curve which is 
asymptotic to this locus (and so also to the locus of zero acceleration p= — 2M) as 


® ©. This curve is marked A in the figure. For this solution ®~e~*é/3 when © is 
large, € being large and negative, and hence ¢ > constant. In the physical case to 
which this solution corresponds, the potential near the inner electrode is constant 
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(since ¢ is constant), and the field there is zero. It follows that the surface charge on 
the inner electrode must be zero, and the electron velocity must be so high near this 
electrode that the space-charge density is negligible. 


dp/|d®= —2 


4 
dp/dD =a 


dp/d® =2 
dp/dD =1 
dp/d®= +4 


dp|d®=o 


dp/d® = -2 dp/d® = - + dp/d® = ~—1 


Figure 1. [p, ®] curves for solution of equation (19). 


. Further, the locus, equation (28), on which dp/d® = — 2, lies always above the 
line p= — 3, and on this line —dp/d® is always greater than 2. It follows that the 
curve A must always lie above this line, and so cannot reach the axis ® =o in either 
direction. This is confirmed by actual evaluation of the solution. 

Another interesting integral curve is that through the point (© =o, p=o), which 
has two branches, one (marked B in figure 1) converging to (0 =1, p=o) with € 
increasing, and the other (marked C in figure 1) reaching the origin from negative 
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values of p. Since the point (© =o, p=o) represents zero velocity and zero accelera- 
tion, the two branches of this curve correspond to the two solutions of equation (9) 
with these conditions evaluated by Langmuir and Blodgett. The first (curve B), in 
which the electrons are accelerated outwards from a position of zero velocity and 
zero field, corresponds to the solution distinguished by Langmuir by positive values 
of 8, and applies to the ordinary case of a space-charge-limited diode. The other 
(curve C), in which the outward-moving electrons are retarded so as to come to rest 
at a radius at which the field is zero, corresponds to the solution distinguished by 
Langmuir by negative values of 8; we have already shown that this curve cannot 
coincide with curve 4. 

Since two integral curves cannot intersect, except perhaps at the singular point, 
it follows that these three curves A, B, C divide the solutions into groups occupying 
the regions marked I, IJ, III in figure 2, in which these limiting curves are the only 
integral curves shown. Described in the direction of € increasing, shown by the 


| I 


Figure 2. 


arrows on curves A, B, C, solutions represented by curves in region I start from zero 
velocity (® =o) at positive values of p and spiral into the singular point (® = 1, p=0); 
they always lie above the line p= — 39, so the acceleration is always positive out- 
wards. They apply to the case of the saturated diode with a finite space charge, and 
to all cases in which a space-charge-limited current has passed a discontinuous 
increase in field. 

Curves in region II also cut the p axis, but at negative values of p, and they lie 
always below the line p= — 39, so they represent solutions in which the electrons 
are always retarded. To obtain such a solution in practice, the electrons must be 
collected by an outer electrode placed at, or within, the radius at which they would 
otherwise come to rest, which is always finite by §5 (i). If there were no such 
electrode, there would be an inward as well as an outward flow of electrons and no 
net current.* 


* The modification of the argument to make the results applicable to this situation is discussed 
towards the end of § ro. 
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Curves in region III do not cut the p axis, and so describe solutions in which the 
electrons never come to rest; but each curve cuts the line p= — 3, whence the field 
is zero at some point on each solution represented by a curve in this region. Such 
solutions will be required for cases in which a space-charge-limited current has 
passed through a discontinuous decrease in field; for example, to cases in which 
grid and anode are at the same potential, since the field must necessarily be zero at 
some point between them. 

Another property of the solutions, which is clear from the form of the curves in 
figure 1, is that ® never becomes small (of the order of 1 or less) between two values 
large compared with 1; hence if D1 at each of two electrodes, then necessarily 
> 1 throughout the space between them, and, by § 5 (ii), the logarithmic formula 
for the potential can be applied to the space between them. 


§7. PROCEDURE, AND RANGE TO-BE COVERED 


The sketch of the [p, ©] family of curves suggests that the solutions of equation 
(16) should be obtained in three sets, corresponding to the three groups of [p, ®] 
curves described in § 6, namely: (i) Solutions starting from ®=o and d®/dé zero 
or positive, at =o, integrated with € increasing; these correspond to the curves in 
region I of figure 2. (ii) Solutions starting from ® =o and d®/dé zero or negative, at 
€=0, integrated with € decreasing; these correspond to the curves in region II of 
figure 2. (ii1) Solutions in which ® is never zero, started as may be found convenient 
to fill the gap which will be left after the solutions in groups (i) and (11) have been 
obtained; these correspond to the curves in region III of figure 2. 

The ranges of ®, d®/dE, and €, to be covered by the solutions evaluated, must be 
decided by considering the ranges of V, 7, and 7 which are of practical interest. In 
order to convert specifications of practical requirements into limits on the range of 
the reduced variables ® etc., we need the relations between these reduced variables 
and the values of the electrical quantities in practical units. 

From formulae (10) we have 


V (e.s.u.)=[(9/4) (aml| e |) r | [8 ®, 
e and z being measured in electrostatic units. Now 
V (e.s.u.)=V (volts)/300, 
1-(€:8.u.) =3. 10° 2 (amp./em.), 
and | e |/m=5-28.101 e.s.u./g. 
Hence when r is measured in centimetres and 7 in amperes per cm. 
V (volts) == 1667, (75 \/2)|)% ce (29) 
From equation (15), this can also be written 
V (volts) = 1667 (r | 7 |)? ®. 


The derivative of formula (29) with respect to 7, together with formulae (17), gives 
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the field EF in the alternative forms 
E (volt/cm.) = 1667 (72/r)é E *- 30 I 
= 1220 (72/r,)* d?R/dT?. 


These relations can alternatively be derived from equation (5), and formulae (10) 
and (17). 

The following typical examples were taken in order to obtain an estimate of the 
practical range over which solutions are likely to be required: (a) A cathode, whose 
radius 79 is 0-005 cm., emits electrons with zero velocity (® =o). The current per 
cm. length is o-o1 amp. The field outside the cathode may have any value from 
zero to 10° v./cm. ‘The radius of the next electrode may be up to 1 cm., so the range 
of r/ry is from 1 to 200, a range of € of about 6. 

(6) A current of o-o1 amp. per unit length passes through an electrode of radius 
o-1 cm. This electrode may be at any potential from 0 to 300 V. relative to the cathode, 
from which the electrons are supposed to be emitted with zero velocity. The field 
outside it may have any value between + 1500 v./cm. The radius of the next electrode 
is not more than 1 cm., so that, in any one application, the range of r/r, is about 
I to 10. But this is not really relevant to the range of € to be covered in a solution, 
as different portions of a single solution might be used in different applications, and 
the range to be covered is to be specified by the range of ® rather than of €. 

With formula (30), these examples show that the interesting range of ® is from 
zero up to about 200, and of d®/dé from about —50 to +200. In example (a), the 
solutions start from ® =o, and, as has already been mentioned in § 5 (i), the [R, T] 
equation (21) was used to start the integrations; for this purpose the range of 
starting values of d?R/dT? is required, and from formulae (31) this is found to be 
from o to about 300. 

It is desirable that the range should be covered in some uniform manner, to 
facilitate interpolation. For the solutions in sets (i) and (ii) above, started from 
® =o, this is easily attained by taking a set of starting values of (d?R/dT*), arranged 
in a regular way. For group (i), the initial values of d*R/dT? were taken at the values 
256/2" (n=0, I, 2, ...) down to 1, and then at o. It was difficult to decide in advance 
at what stage to stop the decreasing geometrical progression of the starting values, 
but it was found that the choice of (d?R/dT?),=1, as the smallest non-zero value, 
was quite suitable. For the set (ii), the starting values of d*R/dT° were taken 
correspondingly at the values — 32/2" (n=0, 1, 2, ...) down to —1, and then o. 

It is not so easy to find an entirely satisfactory way of starting the solutions for 
region III of figure 2 for which the velocity never becomes zero. At first sight it 
might seem best to start them at equidistant points on the ® axis, and to integrate 
each solution in both directions from its starting-point; but this was found not 
wholly satisfactory, as solutions started from equidistant points on the ® axis do 
not remain nearly equidistant in other parts of the [®, p] field, where they are 
_ perhaps more likely to be wanted. It was finally decided to evaluate a set of solutions 
_ starting at ® = 60, with equidistant values of d®/df from — 40 to —60. 
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§8. PROCESS OF SOLUTION 


The second-order equation (16) is more convenient than the first-order equation 
(19) for solution by the differential analyser, firstly on account of the difficulty 
introduced in the solution of equation (19) by the zeros of p, and secondly because 
the form of result finally required is ® as a function of €, which is given directly by 
the solution of equation (16), but requires a further integration when the [D, p] 
relation is found by solution of equation (19). 

Since the values of ®, both in the course of a single solution and in different 
solutions, may cover a wide range, it is convenient, for solution by the differential 
analyser, to write equation (16) in the form 


d 4d 4) Oo 4 fe = 
ab eat a Se a —C eg GEDE (3 2) 
(Ze 3 dé 9/ ®, g®,? ®,) 
Integrator III II I 
Integrand zt ©? 2-4-2 dz/dé 
Variable of 
integration ,—? é E 


{ules 


é 
| a dz|dé 
ia | (4/9)[[®o—? 2? — 2] dé 


a — (4/3) % 
- aif a (4/3) Dy #24 
iene i rey Gis) oan 2— <1 
Poe) 


Figure 3. Schematic diagram of set-up of differential analyser for solution 
of equation (32). (7=®/®).) 


The constant ®,) is chosen so that (®/®,) covers a convenient range of numerical 


values in the range over which the solution is being carried out, and so that ®,* has |} 
a simple numerical value. It may be convenient to change from one value of , to | 


another once or twice in the course of the integration, but not more often, since, as 
we have seen in § 6, once ® has become small after being large, it cannot become 
large again. 

The differential analyser set-up for equation (32) is shown in schematic form 
in figure 3, in which Bush’s notation for the various units of the machine is used. 
The solution was recorded on a counter which was read at equal intervals of €. 


\ 
HW i 
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As has already been explained, for solutions starting from ® =o, equation (21) 
is used to get away from the singularity before starting the machine solution. 
A series solution is possible, but, except for the case of complete space-charge 
limitation, in which (d?R/dT?),=0,* numerical integration is preferable. An iterative 
process is very rapid and convenient, and converges rapidly over the range required, 
especially for the higher values of (d?R/dT?)). The numerical solution of equation 
(21) is taken out until ®, calculated from dR/dT by formulae (17), becomes at least 
equal to the smallest value at which it is practicable to start the machine solution, 
say ®=0-05; the values of ® and d®/dé are calculated from formulae (17), and 
the machine solution is started from these values. The value of €, at which the 
solution is started, will probably not be a tabular value, and the counter which 
records the revolutions of the € shaft must be set accordingly. Alternatively, the 
values of dR/dT and d?R/dT? may be calculated at a tabular value of € by inter- 
polation, or, better, by a subsidiary integration, so that the machine integration is 
started at a tabular value. If the same starting value of € is used for a series of 
solutions, a useful cross check on the starting values of ® and d®/dé is provided. 
The advantages of this procedure were not realized till the work had been in progress 
for some time, but it was used in the later stages. 

For the solutions with (d?R/dT?), negative, the integration has to be taken for T, 
and also €, decreasing from 0, since the integration is taken backwards from the 
time and radius at which the electrons would come to rest. 

For the solutions corresponding to the curves in region III of figure 2 there is 
no difficulty at the beginning of the integration, as it is started from definite finite 
and non-zero values of ® and dO/dé. 


§9. RESULTS 


The results are given in tables 1, 2 and 3, for the solutions corresponding to the 
curves in regions I, IJ, III of figure 2 respectively. ‘The solutions are numbered to 
facilitate reference. 

In most solutions in tables 1 and 2, ® reached values 10 to 100 times as great 
as those at which the machine was started. The effects of small errors, in setting the 
initial conditions or in integration and particularly in following the curve of (®/®,)-4, 
which was very steep at the beginning of each of these solutions, will build up in 
much the same way. The result is that, although the variation of ® with € when € is 
well away from zero should always be a solution of the equation to the accuracy of 
the tabulated values, or nearly so, it may not always be the solution corresponding 
exactly to the nominal initial conditions. A list of values of ®, taken across the table 
at a particular value of €, will show small irregularities due to this effect.t These 

* See formula (22). _ 

+ This cross check was useful in detecting gross errors in a few solutions, usually arising from 
errors in evaluating the initial conditions for the machine solution from the solution of the [T, R] 
4} equation; such solutions were, of course, repeated. In the course of a search for the origin of the 
+ errors shown by this check, portions of several of the solutions have been checked by using the 


i tabular values of ® to calculate ¢ and hence d?¢/dé* from equation (14) and thence the second 
differences of ¢. The comparison of these with the results of differencing the values of $ twice have 


| always been satisfactory. 


Table 1. Solutions of equation (16), starting at ® =o, with € increasing 


Solution no. ne I 2 3 4 5 6 7 8 9 
| a —|\—— 
Solution) (d?R/dT? | o I 2 4 8 16 32 64 128 
started \{@ ° ° ° ° ° ° fo) ° ° 
at d®/dé ° 0734 | 1°468 | 2°935 | 5°87 |11°74 |-23°48 | 47°0 93°9 
8é i) co) cu) OD O co) co) co) 00) 
fo) fo) ° fo) ror o fo) ° ° ° 
O'5 — 0:054 | 0:094 | 0°184 | 0°36 | 0°72 1°42 2°81 5°65 
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4 0°305 | 0:437 | 0°659 | I'150 | 2°19 | 4:28 isto) || TOP | 3337 
5 0385 | 0°532 | 07780 | 1-337 | 2:53 14:03 | 0'78.9 10: 40u ao 
6 0461 | 0°616 | 0885 | 1°494 | 2°81 | 5°45 | 10°79 | 21°40 | 42°8 
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8 0597 | o-78q | Trost | 1-723) | 3:20 | 6-17 12-20 | 24-toedo.g 
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II 0:759 | O:9O15 | 1:20r |) 1°900N1 3:4771| 0:04, 13-OSmle25-OOm mS laa 
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13 Chey | LoMtofie) || reek || TX) || ePcfes || HNO |) userid | BEP@R | Hi%y 
14 0:877 | r-Or7 |) 1-204) || 1-904. 164-40) |O-O25)er3-OON 2 5-OOM mE 5aae. 
15 opCofefen |) amxoy-lie || seceyoyes || aecxolown || syria) || ory? || ioe | worse || Sores 
16 0:9034 || I:06n || 1-318 |) 1-9529113:40/0-42-\e2-0onle2 4S ale O 
wy CHOKS || 3Mor/7/ || ieee || IORI |) Zee || Grae. || sees | Broan | Abies 
18 CoMoyyis), ||| sectoraye) || ameyy I) acpi“, || 2en%0) || (opis || mare, | Bae@o) | as 
19 0-995) |||) 1-100 153245) er 8880 3°22 85 -OS sl emicOSmE2s-O Tena S20) 
20 seo Koy || Seidey7/ || Tm sexe) || sectolayey || Zise7y |) Gose || aegis} || Bezye) | Aviozi 
21 uimteyyy || aeracrege | amehiy || seterry? Ip ero || GAS | morales || Bimegis || seg). 
22 noe) «| seer) || MSV |) sreztoR) | Broly | GOR || tepRts) || wer7t3 | goa 
23 peg || Gees || EELS | a, | tee? || Coats || aesrine) || moray) | Aarts 
24 1-047 "12 hLom| 122545) e721 278s OG 9°79 | 19:20 | 38:2 
25 WOK} || secaenitey |] sma || eC teyL || BG) || wiPk3y 9°40 | 18-41 | 36-6; 
26 NOV 7/ | sey || TIO) || aeoy:) || Boieyo) || ZICGys 0:01) 17-6241933-0- 
27 1059 = 1°246 | 1-609 | 2:50 | 4:49 HO) |) alortsyk || siz 
28 1'061 — Wee || aeae) || wozlin || Aso 8:24 | 16:06 | 31°95 
29 1'062 — NOPIPLO) || iH || weg || vAei Faso. || GOR || Byers 
30 r-062 | — | 1:206 | 1-499 | 2°23 | 3°94 | 7:49 | 14°57 | 28°05 
31 1062 — evi; | Teorey, | Bors | sees, GPa || WAI || S7eR 
32 1:061 — 1Oinsxey || TOE || Bx) || BxGye Oxetey || wens | ArT. 
34 = — = EK? || TONE || BOAO 6-15 | 11°86 | 23°5 
36 = — aa E23 LOM 47777 LOO SER || mwerOs | aien 
38 = — == Was || uty | 273 5:00 GPHg |} ses). 
40 == — = WPA. | OGL || Bossy |) ZAG She | iss 
42 = = = | ENTE [4gy2'37, 1) 4°04.) 7 -6on ares 
44 = = —) WE 3 551 8°35.) 12°08 gO 2a Or ana 
ap = = ae TKO |) Az fA|l TCO) BAO; || (ore: || tanks 
4 — — = TOTO ets 2 Tiel ere. 2°94 52 Oo 
52 CRY || weiKey || TORT 2°39 4°24 Seite 
=| =] = jee) SP] Se) Ba) Be) es 
ee — —— = 0°993 — I°19 1°66 2°68 4°95 
68 = Se es eee 
5 7 a i! 2 
a 54 = = oe a 1°48 | 2°38 
80 1°27 I 91 
84 cs a = = Tate? HOS. 
88 — vw ce 1°05 TORY 
Be oa > I'Or eT 
ae = a ma me 0°99 | 1°05 
100 = = 3 be 
104 = = 3 = = = 
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would be reduced if the integration of the [7’, R] equation (12) were carried further 
out before changing to the [£, ¢] equation (16), but in view of the way the results 
would be used in most applications it did not seem necessary to repeat the mechanical 
integrations with these better starting conditions. 


Table 2. Solutions of equation (16), starting at D=o, with € decreasing 


Solution no. ee fete) Mangere gr sare nG 16 17 
Solution) (d@?R/dT? =| o |-1 =3 |=4 0 (8 — 16 —32 
started He omer) | o ° fo) fo) ° fo) 
at d®/dé | © |~—0'734)—1:468] —2:935/—5°87 |—11-74_|—23-48 
—8é J ap | co) co) co) ® co) 
° | oO | roo Oo °° oO: Oo: roe 
I | rey || pig 0°22 07415; 080 161 3°16 
2 | Write! || @esiels|| ez || GHOVe) res 3°49 6-91 
3 Rowse so:s2 0°83 1°48 2°88 5°67 ni 27) 
4 | Car | crx || eSGy || vl 8-19 16°35 
5 | o73 1 10] 1:69] 2:95 | 5-79 | 11-12 22°25 
6 | I-00 1°48 228 3°87 7:60 14°53 29°1 
7 1°325; I-91 | 2°87 | 4:92 | 969 | 18-4 36°95 
8 76) 2°42 3°60 Gps || wear 22°9 46-0 
9 Apr) 3°00 4°44 pre || aides 28-0 56-1 
bee) AAI ||. eloy 5°40 g'Io | 18:0 33°8 67:9 
rt 320 Morag 6505-40701 21-7 40°0 81-2 
12 | 37865) 959321) 7°75. | 12°97) 25°38 47°9 96°3 
13 ee Lo 6°32 pide) ||) sees 30°6 56:4 113'0 
14 ese) FAG | 1O-7On 1 7-0,) 30:0 66-0 — 
15 | 6:44 8°75 | 12°6 20°95, | 42:0 76°9 — 
16 Gain || aera || ao. || Arlee) 48-9 89:2 — 
17 | TSE) |) cert || wGRO 28°1 — 103'0 — 
18 (10-225 3-7-0 O-0-8 |) 62-4 —— a — 
19 | Tene | aes |! aap BF 2e —- — — 
20 136020) 513-2 25°9 42°7 — — — 
21 | 15:6, | 20°8, | 29°6 | 48-7 — — — 
22 | 297-05 1623°S5 9173380 55°55 = = = 
23 | 20°5 27 38°5 63:2 — — = 
24 25 dae ASSO; 4376 = = = 
25 | 26°6 | 35°15 | 49°6 aig aoe sas = 
26 20-28) || 30755015022 a _ — — 
27 eT a We i SS ee ae Ik Dee ee 7 = 
28 BOUT a5 SAO ei = = = = 


The results have been tabulated with =o at the initial value of ® in every case, 
but it is obvious from the derivation of equation (16), and from the equation itself, 
that the zero of € is arbitrary. To represent the results graphically, in a form 
convenient for practical use, it is necessary to draw a large number of sets of curves, 
and this can be done in many ways. ‘The method which seems most convenient 1s to 
plot, in each set, all the solutions which pass outwards from a particular value of ®, 
this value being different for each set. The sets required would depend on the 
specific problem to which the results were being applied, so no such graphs of the 
solutions are given in the present paper, beyond small portions required for 
illustrating the applications considered in § 10. 


Table 3. Solutions of equation (16), starting at ®=60, with ¢ increasing 


Solution moses 18 19 20 21 22 23 24. 
Solution) ® 60 60 60 60 60 60 60 
started d®D/d&é |\—40 SS —50 = fry 55 5715 \= 00 
at approx. 
8é co) OD co) O ® O ®D 
° 60°0 — 60:0 — — — 60:0 
I 55°2 = 53°95 = eae = 52°8 
2 50°8 — 48:6 — — — 46°5 
3 46°7 — 43°8 = = = 40°85 
4 42°9 =~ 39°4 ee = = 35°8 
5 39'5 = 35°4 = me = 31°3 
6 36°3 a 31°75 = = a 27-2 
7 33°4 a 28°5 = oe = 23°7 
8 30°7 —= 25°6 = — = 20°5 
9 28:3 = 23°0 =< = = op 7 
fe) 26°0 = 20°6 = = aS 15°2 
II 24:0 = 18-4 = = = 13'0 
12 22'1 = 16°5 — = — II‘O3 
13 20°3 ar 14°75 a ms —i se 
14 18-7 — 13°2 = a ne 779 
15 17:2 ~ II"7s = == = 4°4 
16 15°85 — 10°54 — — — 5:28 
17 14°58 = 9°38 = = = 4°28 
18 13°43 ss 8:34 7:09 5°84 4°61 3°39 
19 123). 9'88 7°42 6-21 5:00 3°81 2°63 
20 114 8:99 6-61 5°44 4°26 B12 1:96 
21 MOuSi 8-19 5°88 4°75 3°62 PIAS 1°39 
22 963 7°46 5°22 4°14 3°05 1°98 ool 
23 8:92 6°79 4°63 3°60 2°55 1753 
24 8:23 6-19 4°12 Berg AR Tans 
25 7°59 5°64 3°65 2-71 1°75 082 
26 7°00 5°14 B22: 2°34 1°42 0°54. | Reaches 
2 6:46 4°69 2°86 2°01 I°l4 0°32 Zero 
27°5 | © and 
28 5°97 4°29 Pane 178 o'91 O13 stops 
28°5 0°05 
29 Basi 3°92 2°24. 1°49 o'71_ | Reaches 
30 5°09 3°58 1°98 1:28 0°34 zero 
Su 4°71 Reo 175 I'og O41 and 
32 4°36 3°00 1°56 0°94 0°30 stops 
34 3°74 2°53 1°24 0°70 016 
36 B22 2205 099 0°34 o'Io 
38 2°78 1°84 082 0°44 CPirg 
40 2°42 1°59 0°70 0°39 og 
42, ALD 1°39 0°63 0°39 0°29 
44 1°87 122 0°59 o-741 0°40 
46 1°66 OTT 0°58 0°45 0:50 
48 1°49 1°03 0°59 0°50 0°60 
50 aa = = 0°55 0°69 
52 m4 o'9I 0°65 0-61 O75 
54 —_ = — 0°67 o8r 
56 1°08 0°86 0-72 0°73 0°87 
58 — — — 078 o'9oI 
60 0:99 0°85 0:80 0:82 0°94 
62 — — — 0°85 0°98 
64 0°94 0°86 086 088 — 
66 — = a O91 = 
68 0:92 088 0-90 0°94 — 
7O —— — — 0°95 — 
72 0-92 O91 0°94 0°97 = 
74 = o = 0°98 — 
76 0:92 094 0955 | 0°99 =e 
ie ae ee a rae as 
° ror pale, 22 
82 eae é: : mee = —_ 
84 = 0:98 — — = 
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§10. EXAMPLES OF APPLICATION. OF THE RESULTS 


We do not propose to give here an exhaustive account of the possible applications 
of the results, but we will consider two particular cases as examples of their use, 
namely, the problem of finding the field-strength at the cathode of a saturated diode 
and the problem of finding the position and depth of the potential-minimum between 
a cylindrical screen and anode at the same potential; both of these problems may 
be solved directly from the results of the present work. (i) A diode consists of a 
straight filament 0-4 mm. in diameter surrounded by a cylindrical anode 2 cm. in 
diameter. The current per cm. of axial length is 1 ma. and the potential-difference 
between anode and cathode is 50 v. It is required to find the field-strength at the 
surface of the filament. From formula (30), at the filament (€=0, say), ®=o; and 
at the anode, where = log, (2/004) = 3-91, ®=3-0. On the [£, ] diagram covering 


[E=3-91, 6=3-0] 


ss 
0 | Z 3 4 5 6 


Figure 4. 


this range, drawn with all the curves through ® =o at =o, shown in figure 4, the 
point (3°91, 3) lies between the curves 5 and 6.* Interpolation of the curve which 
passes through this point gives g:o as the value of d®/dé at the cathode, whence, 
from formula (31), the field at the cathode is 55 v./cm. 

(ii) The outer electrodes of a cylindrical valve are a screen 0-4 cm. in radius, and 
an anode 1 cm. in radius. Both electrodes are at a potential of 200 V. relative to the 
cathode, and the current between them is 27 ma. per cm. length. It is required to 
find the potential distribution between screen and anode. From formula (30), at 
the screen (€=0, say), D=®,;=2-46; and at the anode (§=0-916), D=O4=1°33. 
It is seen from figure 5 that the ® curve which passes through the values Os; and ©, 
at points separated by o-g16 in € must lie between the solutions 19 and 20; these are 
therefore redrawn in figure 6, starting together at D=M,;=2:46 and =o. The 
curve passing through the point (0-916, 1:33) has been interpolated, and the value 


* The numbering of the curves corresponds to the numbering of the solutions in tables 1, 2 and 3. 
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of the potential at any radius between the electrodes may then be found from this 
curve and formula (30). 

Another possible application of the results would be the construction of tables 
giving the relation between 7 and R for each of the various solutions, equation (17) 
being used; from such tables, and the definitions of T and R as in formulae (10), 
steady-state transit times in practical cases could be deduced. Construction of such 
tables would be rather lengthy and laborious, and has not been carried out; if it had 


6-4 


44 


E> 
Figure 5. 


0 0°5 0-916 1p 
ents 
Figure 6. 


been contemplated, it would probably have been better to take the integration of the 
[7, R] equation (11) out from a zero of ® rather further than was actually done 
before changing over to the use of equation (12). 

Although it has been assumed throughout that the electrons move in the 
direction of r increasing, the equations, and solutions, hold for electrons moving 
outwards or inwards or both, provided that all electrons having the same velocity 
are at points at which the potential is the same. When there are electrons moving 
in both directions, 2 must be taken to mean the sum of the magnitudes of the inward 
and outward currents. 
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If, at some value of the radius, ®=o and d®/dé=o, some electrons may be 
turned back there and some not. Up to this value of 7, solution (11) holds; beyond 
it solution (1) holds. The application of the results to this case is analogous to that 
described by Fay, Samuel, and Shockley“ for the similar problem in the case of 
plane parallel electrodes. 
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ABSTRACT. In many parts of the world the chief hindrance to radio reception is 
atmospheric disturbance. The paper describes a machine which produces pulses similar 
to atmospherics, and records speech-intelligibility tests carried out with it with a view 
to finding how intelligibility varies with atmospheric noise. It is suggested that a signal/ 
atmospheric ratio equal to 20 db., corresponding to a voltage ratio of 10: 1, should be 
a sufficiently high standard for districts where atmospheric disturbance is severe. The 
atmospheric level has been measured with a special peak voltmeter which integrates the 
value over several seconds. 


i> INTRODUCTION 


the most important hindrance to a satisfactory service is atmospheric disturbance. 

There seems, however, to be some uncertainty as to the radio signal-strength 
necessary to produce satisfactory reception for a given value of atmospheric dis- 
turbance. 

As a result of work on electrical interference carried out under the control of 
the International Special Committee on Radio Interference (C.1.S.P.R.), a signal/ 
interference ratio equal to 40 db. is considered acceptable®. This figure refers 
to interference with broadcast reception caused by electrical appliances—a form 
of disturbance considerably different from that produced by atmospherics—and 
may require modification before it can be used to define acceptable standards of 
signal-to-atmospheric strength. It has been recognized that Colonial Administra- 
tions might well be satisfied with less stringent standards%), and in any case the 
standard is impossibly high for reception in most parts of India. With a view, 
therefore, to defining some lower and more practicable standard for tropical con- 


ditions, speech-intelligibility tests have been carried out under conditions of varying 
noise similar to atmospheric disturbance. 


I: considering any scheme for broadcasting in tropical or subtropical countries, 


§2. PRODUCTION OF ATMOSPHERICS 
Atmospheric disturbance being such a variable quantity, and difficult to obtain 
unadulterated, it was decided to produce similar effects artificially. As subjective 
testing methods were to be used, the primary test applied was that the artificial 
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atmospherics should appear to the ear like actual atmospheric disturbance. That is 
to say, there should be a background of crackling with irregular loud splashes of 
noise. 

The machine shown in figure 1 produces pulses which, when rectified and 
amplified, have satisfied listeners with their similarity to atmospheric disturbance 
from a broadcast receiver. Two steel balls 4 and B press lightly against a steel 
disk D, 30 cm. in diameter, which rotates once a minute. With the circuit as 
drawn, oscillographic investigation has shown that damped oscillations are set 
up sometimes in circuit £ and sometimes in circuit F. Owing to the uneven nature 
of the contacts between the steel balls and the disk, the pulses are set up irregularly 
in time, and are of varying amplitude. The mean number of individual pulses 


W6 


Figure 1. Apparatus for imitating atmospherics. R,, 5000 Q.; Ry, 10,000 Q.; 
R,, 2000 92.; Cy, 0-25 uF.; Cy, o-001 wF.; W,, Westector no. W 6. 


with both contacts is about 120 per sec. This compares favourably with Norinder’s) 
value of between 1 and 2 for the most frequent number of atmospherics per 10~? sec. 

The frequency of 50 per cent of the pulses is that of the circuits E—A and E-B, 
and is of the order of 12 kc./sec. The most common frequencies occurring in periodic 
atmospherics (the most common form), according to Appleton, Watson Watt and 
Herd‘), and also to Norinder, are of the order of 10 ke./sec. which shows a fairly 
close correspondence. 

The duration of the damped oscillations in this circuit is about 1000 psec. 
Efforts were made, by putting resistances across coil £, to reduce this time to 
300 psec., the most common duration for periodic atmospherics, but with detri- 
mental effects on the sound from the loudspeaker. 

Circuit F—C, represents an attempt to imitate the high-frequency embroidery © 
of atmospherics of the lightning type. The frequency of the pulses produced by 
it is 65 kc./sec. and the duration 1500 psec. 

In order to produce the effect of continuous background noise with splashes 
of much larger amplitude, a piece of paper with irregular perforations is attached 
to the steel disk between contact B and the disk. By adjustment of R, the effect 
of the continuous pulses from A was made to provide the background while B 
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produced the larger splashes, which occurred about 40 times per minute. The mean 
duration of contact B through the perforations was 0-7 sec., and the ratio of splash 
peak voltage to background peak voltage could be varied from 12:1 to 1:1. 


§3. THE MEASUREMENT OF NOISE-LEVEL AND SPEECH-LEVEL 


In work on telephone articulation? a special noise-meter is used which weights 
the noise-frequencies according to their degree of interference with speech. As, 
however, this work was primarily concerned with broadcast standards, a meter 
with a practically constant frequency response from 50 to 10,000 c./sec. was used. 

The International Special Committee on Radio Interference has designed a peak 
voltmeter for measuring electrical interference®, the principal feature of which 
is that it should have a small grid-charging time constant (1-0 msec.) and a discharge 
constant of 160 msec. That is, it should respond to pulses of short duration, and 
at the same time average the effect over a much longer time. 


R; 


Input Ge 


Ov. Ov. 27 Vv. 


Figure 2. Slide-back voltmeter for peak atmospheric voltage measurements. R,, 100,000 22.; 
RI 2)5,000 Onsite 50,000) Os uitann TS, 000) O51 Gm O:0041 hel Oana-On rhe 


In measuring atmospheric disturbance, which may consist of widely separated 
pulses with large variations in amplitude, some such averaging device is necessary, 
so that the meter sets itself somewhere between the peak background reading and 
the peak splash reading. If the discharge constant of the meter is made too great, 
the needle will rise and remain at the peak value for a splash. If it is made too low, 
the needle will fluctuate too rapidly to be read. The exact value of this discharge 
constant must be determined subjectively. If it is too large, the meter gives a reading 
which is too high and not a measure of the disturbance value of the atmospheric. 
With a correct discharge constant, varying the ratio of background noise to splash, 
while the subjective disturbance value is kept constant, will cause no change in 
the voltmeter reading. It is not necessary for this adjustment to be carried out 
with a high degree of accuracy. 

Figure 2 represents a form of slide-back voltmeter which fulfilled these conditions. 
The anode current was backed off to an average value of 4-0 A. on a unipivot 
instrument in all measurements, the peak voltage being measured on the voltmeter 
in the grid circuit. 

The grid time-constant was 0:43 msec. and the discharge time-constant of the 
microammeter circuit was 4:0 sec. The effect of a pulse on the meter was to cause 
a rapid movement upward of the microammeter needle, and a very slow fall back. 
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That the meter did actually register peak voltages was checked by comparison with 
a C.R. oscillograph and a commercial peak voltmeter. No calibration of the meter 
was necessary insomuch as in the method followed the meter was used simply for 
bringing noise and speech levels to a predetermined value. 


§4. EXPERIMENTAL PROCEDURE 


The pulses from the atmospheric machine were rectified and fed by screened 
leads to a 4o-db. attenuator and then on to the mixer stage of an amplifier. Speech 
output from a crystal microphone housed in a large padded box was passed through 
a preamplifier, mixed with the disturbance, and fed into a large loudspeaker. All 
measurements were made at the output through a step up (25 : 1) transformer. 
The loudspeaker and amplifier response were tested for normality. 

In making measurements, first of all the effect of hum and stray microphone 

pick-up was balanced out on potentiometer R, of the voltmeter ; it was assumed that 
noise interference is directly additive) and would therefore only introduce a small 
constant error. ‘The atmospheric machine was then switched in and the output was 
brought up to a standard level. Speech was independently brought to the same 
level and attenuation then inserted or removed from the attenuator to give various 
noise levels on a constant speech-level. 

In order to measure the intelligibility of speech, the articulation, testing methods 
developed by Fletcher and Steinberg“, descriptions of which may be found in 
several papers": 2), were employed. The method consists in transmitting a series 
of meaningless syllables made up of an initial consonant, a vowel and a final 
consonant, mixing them with the required level of noise, and arranging for listeners 
to record their impressions. A quantity called the syllable articulation, defined as 
the percentage of the total number of syllables correctly observed, was calculated 
from the formula VC?, where V and C are the ratios respectively of vowels and 
consonants correctly heard. 

Curve 1, figure 3, shows the effect of atmospheric noise on syllable articulation. 
For comparison, curve 2, due to Knudsen“, shows the effect of noise on the 
articulation of speech in an auditorium. Curve 3 gives the articulation value for 
zero atmospheric noise, and may be regarded as the reference value for the system. 

Fletcher and Steinberg give in their paper a graph connecting syllable articula- 
tion with what they call discrete sentence intelligibility. Curve 4 is derived from 
curve 1 by using this graph, and may be said to represent the effect of atmospheric 
noise on the intelligibility of ordinary speech. It would not represent the intelligi- 
bility of speech with large numbers of unfamiliar words. 

Each point on the fundamental curve 1 represents the recording of 330 syllables. 
Various haphazard factors tend to cause a large spread in the results; it is possible, 
for instance, for each syllable in one group to be spoken at the same time as a splash, 
and this group would therefore give a low value of syllable articulation. Varying 
room-noise, changing ratio between background and splash, and practice effects 
in the observers, contributed’in a less degree. The calculated probable error of 
a single point is in the neighbourhood of + 2 per cent. 
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Opinions were asked with a view to deciding which was the maximum tolerable 
noise-level, for it was realized that speech may be intelligible and yet intolerably 
noisy to listen to in comfort. For this test a reasonably interesting passage from 
a book was read. The general opinion was that, with equal levels of speech and 
noise, only interesting subject-matter would be listened to. With noise-level 10 db. 
below speech-level, conditions were easily tolerable, and at 20 db. below speech- 
level the noise did not inconvenience listeners at all. 


100 


90 


(1), (2) and (3) Syllable articulation (per cent); 
(4) Discrete sentence intelligibility (per cent) 


0 
-30 -20 -10 0 +10 415 
Noise/speech ratio (db.) 


Figure 3. Syllable-articulation and discrete-sentence intelligibility plotted against 
atmospheric noise-level. 


§5. DISCUSSION OF RESULTS 


Comparison of the present results with those obtained by Knudsen for audi- 
torium noise shows results of the same order. It is interesting to note, however, 
that high levels of atmospheric disturbance cause a rapid deterioration of speech 
intelligibility, and also that quite small amounts of noise (— 30 db.) cause noticeable 
loss of syllable articulation. 

Curve 3 may be said to represent the overall articulation of the system of 
speakers, language, apparatus and observers, with zero atmospheric disturbance. 
Comparison of the overall articulation in another system with this value enables 
a syllable articulation to be plotted against atmospheric noise. For instance, it 
might be found that the Sanskrit and Persian consonants in use in India might 
give a low value of the overall articulation of a broadcast system. Reference to 
curve 3 would show the amount by which the articufation curve 1 had to be shifted 
downwards to allow for the effect of the new consonants. Actually a test was made 
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with syllables made up of Sanskrit and Persian sounds but the test was not com- 
pleted, although the evidence obtained made it appear that the difference in articula- 
tion would not be very great. 

From curve 1 it is seen that with a signal/atmospheric noise ratio equal to 
20 db. (corresponding to a voltage ratio of 10: 1) the articulation is 68 per cent. 
Knudsen estimates that speech articulation of 75 per cent is acceptable, while other 
writers consider articulation values between 70 and 80 per cent good, and ample 
for the general intelligibility of speech.The discrete sentence intelligibility for this 
level is 99 per cent from curve 4, and it is therefore suggested that for broadcasting 
in tropical and sub-tropical regions an average signal/atmospheric noise ratio equal 
to 20 db. should be regarded as acceptable. ‘The atmospheric noise must, of course, 
be integrated by some form of peak voltmeter, such as that described. 
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ABSTRACT. The excitation of the green auroral line of oxygen has been studied in a 
number of discharge tubes containing mixtures of argon and oxygen, and the early 
results obtained by McLennan for the optimum conditions for obtaining the line have been 
confirmed. It has been shown that, with discharge tubes passing heavy currents, the 
line is emitted mainly from an aureole surrounding the central, heavily ionized part of the 
gas, and the bearing of this result on the production of other forbidden lines is pointed 
out. The collision processes involved in the production of metastable oxygen atoms and 
in the quenching of the auroral line by certain impurities have been considered, and the 
probable importance of resonant collisions with metastable argon atoms established. 


§r. INTRODUCTION 


reached a stage at which the essential features of several classes of arcs and 

glows can be regarded as established. Little is known, however, about con- 
ditions in the majority of discharges used for excitation of light in spectroscopy. 
Investigations have now been made in this laboratory on a number of tubes which 
emit, or might have been expected to emit, spectral lines produced in transitions 
forbidden to a dipole approximation. These have led to the recognition, although 
not yet to the complete solution, of many of the difficulties likely to be encountered 
in an attempt to obtain a full analysis of the state of any electrically excited spectro- 
scopic source. ‘The present paper contains an account of this work, with particular 
reference to the excitation of the green auroral line (5577-35 a.) of oxygen in pre- 
sence of argon. This line is a prominent feature of the spectrum of the upper air. 
It is emitted in a transition between the low metastable 1S and !D states of the 
neutral atom. These have excitation potentials of 4-2 and 2:0 v. respectively from the 
*P ground state, all five terms belonging to the 2224 electron configuration. The 
transition probability for production of the green line has been calculated to be 
2:0 sec.", and that for the ultraviolet transauroral line (2972 a., °P,-1S) to be 
o-2 sec?! The latter has not been identified with certainty in the spectum of the 
upper air, although two red lines emitted in transitions between the 'D and °P 
states are present. All these lines have been produced in the laboratory, the green 
line first by McLennan and his collaborators, the red lines by Hopfield and the 


K reset of the internal electrical state of discharge tubes has now 
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ultra-violet line by McLennan“. Our experiments and conclusions are largely 
extensions of those of McLennan. From the behaviour of our tubes, together with 
the theory of positive columns, and the descriptions of the tubes used by McLennan 
and others, we have been able to form what appears to be a reasonable picture both 
of the macroscopic electrical processes and of the molecular processes involved in 
the production of atoms in the !S state. The main facts which have emerged are on 
the electrical side the importance of regions of low ionization, such as the aureole 
which surrounds the core in a constricted positive column, and on the atomic side 
the likelihood that the excited oxygen atoms are largely produced in resonant 
collisions between metastable atoms of argon and normal oxygen molecules. The 
work emphasizes the fact that the criteria for a tube to be a good spectroscopic 
source, and to be amenable to electrical analysis, are frequently incompatible. 


§2. EXPERIMENTAL WORK 


(a) Discharge tubes. McLennan found that the auroral line, although obtain- 
able from positive column discharges through pure oxygen, or mixtures of oxygen 
with neon or helium, was produced most readily from mixtures of oxygen and argon. 
We have used this mixture almost exclusively. ‘The argon was obtained from the 
British Oxygen Company, Ltd., and was purified either in a well-degassed misch- 
metal arc, or by sputtering tungsten, the second method being found the morxe 
efficient. The oxygen was made by heating potassium permanganate in a vacuum. 
The discharge tubes, which were used connected to the pumping train, were of 
conventional form (z-shaped, inverted-J, and bulb tubes) in soda glass or pyrex, with 
the part containing the positive column not less than 1 cm. in diameter. The elec- 
trodes for the cold-cathode discharges consisted of heavy plates of tungsten. These 
were glowed out by induction currents, the tubes were degassed for long periods in 
a furnace, and mercury and other condensible vapours were kept from them by 
liquid oxygen traps. The sources of current were accumulators, the 440-Vv. d.c. mains 
and a d.c. motor generator capable of giving up to 4000 v. but rarely used above 
1000 Vv. The current was controlled with a wire resistance or a thermionic diode. An 
attempt to replace the tungsten plate cathode by an oxide-coated thermionic cathode 
failed, owing to slight persistent contamination of the gas from the oxide coating. 
The impurities which it was found most necessary to avoid were water vapour, 
detected by the hydroxyl bands, and carbon compounds. Some specimens of 
tungsten which were tried acted as continual sources of the latter and had to be 


discarded. 


In accord with the results obtained by McLennan, we have found that in positive- 
column excitation of the auroral line the oxygen content (which cannot be estimated 


exactly, owing to electrical clean-up) is not critical, but can be varied from a trace to 


several per cent, that the best value for the total pressure of the gas is a few milli- 


metres, and that whilst the auroral line appears to be most nearly isolated when the 


current density is very low, its absolute intensity increases over a large range with 


increase in current. 
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(b) Attempts at probe analysis. The concentration and velocity-distribution of 
the electrons in an ionized gas can be found under appropriate conditions from the 
{current, voltage} characteristic curve of a small conducting probe inserted in it. 
Such information permits of the prediction of the optical properties of a tube if the 
excitation functions are known, or conversely gives information about the excitation 
functions from the light emission. We have used probe wires in all the types of tube 
which have been found to emit the green line. In no case were characteristic curves 
obtained which could be interpreted. When the logarithm of the electron current to 
the probe is plotted against the probe potential, the resulting curve should show a 
discontinuity in slope when the probe potential is the same as that of the surround- 
ing gas. The semi-logarithmic curves were found to be either smooth or too irregular 
to analyse. It has also been found impossible to locate the space-potential by 
Langmuir’s hot-wire method". Since determination of the space potential is a 
necessary preliminary to analysis of the curves for electron data, the probe method 
for finding the internal state of the tubes has had to be abandoned. The failure of the 
probe method when the current-density is very low is known in other instances, and 
is probably due to the presence of positive space-charge. Its failure with the 
tubes passing heavier currents remained unexplained until it was noticed that they 
contained moving striations, which closer examination showed to be very irregular. 
We associate the anomalous behaviour of the probes with the irregularity of the 
striations, since probe characteristics which can be analysed can be obtained with 
regular striations, although the significance of the data so obtained is uncertain”, 

(c) Moving striations. A study of the moving striations was made in tubes of 
inverted-J form. Viewed with a rotating mirror, the bright sections were pink and 
the intermediate, relatively dark sections green. The reality of the latter colour was 
however doubtful, as it could be produced by visual contrast. The effect of adding a 
trace of oxygen to pure argon was striking. The moving striations in pure argon were 
regularly spaced, with a frequency of 1 to 2 kc./sec. The addition of oxygen made 
their motion chaotic, and was accompanied by an approximately fourfold increase in 
frequency, the tube giving out a hissing sound. The effect of oxygen is different 
from that of mercury vapour, addition of which leaves the striations regular. It 
seems possible that the irregularity of the striations, which we have found an 
invariable accompaniment of the emission of the auroral line, is due to fluctuating 
exchanges of oxygen between the gas and walls. ‘The diffusion of the oxygen through 
the positive column could be followed by the change in type of the striations. It 
proved impossible to follow the irregular movement of the striations with the 
photoelectric shutter used to study their spectra in other gases °°’, and the changes in 
intensity in the auroral line through them could not therefore be traced. Pupp’s 
oscillographic method for probe analysis of moving striations“ was also inapplic- 
able on account of the irregularity of the movement. McLennan found that the 
auroral line did not appear at once when the discharge was started, but took a short 
time to develop. Our observations on the change in type of the striations suggest 
that this may have been due either to diffusion of oxygen, or to removal of electro- 
negative impurities to the neighbourhood of the anode as negative ions. 
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(d) Low-voltage arcs. Druyvesteyn™ has pointed out that the units of moving 
striations have some resemblance to low-voltage arcs. It has also been found that 
the 2270-a. forbidden line of HgI is emitted from a low-voltage arc in mercury 
vapour“. In view of the difficulty of obtaining direct information about the 
striations in the argon-oxygen mixtures, a low-voltage arc tube was therefore built 
for use with these. It ran satisfactorily so long as it contained pure argon, but when 
oxygen was added, even in very small quantity, the filament became partially 
poisoned, and it was necessary, in order to maintain the discharge, to make the 
potential-difference between anode and cathode so great that the green band of 
O,* was excited strongly. This masked the auroral line, if it was present. The filament 
recovered its original emission when the oxygen had disappeared under the action 
of the discharge. 

(e) Aureoles. The irregularity of the moving striations, and the failure of the 
experiment with a low-voltage arc, made it necessary to use less direct methods to 
find the velocity-distribution of the electrons. It‘had been noticed at the beginning 
of our work that when discharges of medium current (e.g. 20 mA.) were passing, the 
main part of the light from the positive column came from a rosy core, occupying a 
small fraction of the total cross section of the tube, and that this was surrounded by a 
green aureole with a diameter several times that of the core. Previous workers have 
recorded a constriction of the discharge in tubes emitting the auroral line. The 
light from the aureole has been examined in two ways, both of which show that it is 
largely due to the auroral line. 

In the first method, the middle of a tube 1-6 cm. in diameter was enlarged to a 
bulb 8 cm. in diameter. A side tube was fused on to the bulb, with its peripheral end 
blown out to a thin bulb, through which an undistorted view of the centre of the 
main bulb was obtained. When the discharge was passing, the cores from the narrow 
sections of the tube projected into the main bulb, and by adjusting the current they 
could be made almost to meet at the centre. The aureoles near their tips then 
occupied a large portion of the bulb, and their brightest parts could be examined 
through the side tube. The light from them, which was still feeble, was always 
found in this way to come largely from the auroral line. In one case, with a discharge 
at 800 v. through a mixture of 3 mm. of argon and o-1 mm. of oxygen, visual 
observation showed the auroral line alone in the spectrum of the aureole and absent 
from the spectrum of the core. 

In the second method a cylindrical tube was used, with one end blown to a thin 
viewing bulb, and the electrodes in side tubes. ‘The end-on image of a small section 
of the positive column was thrown on to the slit of the spectrograph. ‘The light from 
the aureole then illuminates a greater length of the slit than the light from the core, 
and gives rise to longer lines in the spectrum. In practice, differences in length are 
partly obliterated by scattering and instrumental aberrations, by the small movement 
of the core in the tube, and by the inevitable lack of sharpness of the image of an 
object viewed longitudinally. These defects, and any effect of variation of plate 
sensitivity with wave-length when the spectrum 1s photographed, can be partly 
overcome by comparing the auroral line with a line of roughly the same intensity in 
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the same region of the spectrum. By adjusting the discharge conditions, the Ar I line 
at 5589 A. can be used for reference in this way. Part of a typical spectrum is shown 
in the plate. The tube current was about roo ma. and the pressures of argon and 
oxygen were 6 mm. and about 0-3 mm. respectively. ‘The spectrum was obtained 
with a glass Littrow instrument with a dispersion of 15 A. per mm. at 5575 A. It is 
seen that the argon reference line is more concentrated than the auroral line in the 
spectrum of the core. The apparent spreading of the two strong argon lines is 
probably mainly instrumental in origin. In the original plate, the auroral line can be 
traced out to the point marked with a cross, whilst 5589 a. extends about half as far. 
The difference in their behaviour could also be seen on removing the plate holder 
from the spectrograph and examining the spectrum in situ with a magnifying glass; 
it was seen and photographed repeatedly. Other oxygen lines, when present, 
behaved like argon lines, i.e. came mainly from the core. From these experiments, 
and those with the bulb tube, it seems likely that the auroral line comes largely if not 
entirely from the aureole. 

(f) Other discharges. The negative glow is a strong source of Ar 11 lines, one of 
which occurs at 5577°7 A. Examination of the spectrum of the negative glow in 
argon-oxygen mixtures, with discharges from cold tungsten, nickel, and sodium 
cathodes, showed no enhancement of the Ar 11 lines such as would be expected if the 
auroral line were also present. Confirmation of its absence from the light of the 
negative glow is provided by Sommer’s observation” that it is not obtained from a 
condensed positive-column discharge, since the spectra of such discharges are 
similar to those of negative glows. The auroral line has not been detected in the 
light from the Faraday dark space, or in the afterglow of a positive-column discharge 
through argon-oxygen mixtures. 

(g) The transauroral line. From the theoretical transition probabilities, the 
transauroral line should be detectable when the auroral line is strong. We have 
succeeded in recording it under these conditions with long exposures, using a 
Hilger E 39 spectrograph, and photographing through a quartz window attached 
to the tube by a graded seal. The wave-length calculated from our plates is 
2972°3 +0715 A. Our observations do not indicate whether it comes from the core 
or from the aureole, but since it is emitted in a transition from the same initial 
level as the auroral line, it probably comes from the aureole. 

(h) Continuous spectra. When the auroral line is present, a continuum passing 
from the red to the ultra-violet also frequently appears. With discharges of small 
current-density, this appears to be associated in some way with the auroral line, and 
is possibly a spectrum of the molecule Ar,. With discharges of high current-density 
it comes mainly from the core, and could arise in other ways. 


$3. CONDITIONS IN THE DISCHARGES TUBES 


(a) Low-current discharges (argon-oxygen mixtures). When the current-density is 
very small, the positive column is not markedly constricted. McLennan has pointed 
out that the excitation potentials for the few lines present show that the majority of 
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the electrons have energy less than some 13 V., and hence that conditions are favour- 
able for the production of metastable argon atoms. It does not seem possible to dis- 
criminate between the 1° state, with an excitation potential of 11°49 V., and the 3° 
state, with an excitation potential of 11-66 v. 

In the absence of probe data, it is desirable to obtain some confirmation of 
McLennan’s deduction. Some evidence appears to be provided from the properties 
of the very low-current discharges studied by Townsend“. These are not self- 
maintained, but conditions in them are probably not greatly different from those in a 
self-maintained positive column, provided that interaction between the electrons is 
of secondary importance in the latter compared with collisions between electrons 
and atoms. ‘Townsend has shown that in such discharges, through pure argon, the 
mean energy of agitation of the electrons increases from 11:2 Vv. to no more than 
12 v. when the ratio of the field (v./cm.) to the pressure (mm. of mercury) is raised 
from 2 to 15. From a comparison of the measured and calculated ionization coeffi- 
cients «/p for electrons in argon, it has been shown that the number of electrons 
with energy greater than the mean is much less than in a Maxwellian distribution,”. 
Provided that addition of a little oxygen does not alter these results materially, it 
follows that the distribution is probably like that postulated by McLennan, in spite 
of the fact that the longitudinal field is not necessarily small when the current- 
density is low”. 

This result is in general accord with the facts that most workers have reported 
that it is necessary, in order to obtain the auroral line, to have a small longitudinal 
field, and that when conditions are such that many electrons with greater energy are 
present, as in a condensed positive-column discharge, the auroral line does not 
appear. 

(b) High-current discharges (argon-oxygen mixtures). Conditions in constricted 
positive columns have been investigated by Seeliger°”, The axial concentration of 
the discharge is due to the establishment of a radial temperature-gradient, assisted 
probably in the case of argon-oxygen mixtures by the formation of negative ions, 
Since the average longitudinal field is uniform over the cross section of the tube, the 
main part of the discharge passes axially, where the density of the gas is least. In 
our tubes the current-density in the core was of the order of 1 amp./cm? Seeliger 
has shown that under such conditions the axial temperature can be several hundred 

_ degrees higher than the wall-temperature. Exact calculations of the rise in tempera- 
- ture cannot be made, since the fraction of the energy supplied which is converted 
into heat in the gas depends on the amount of impurity, here oxygen, added to the 
main constituent. There is little doubt, however, that in the tubes with constricted 
positive column emitting the auroral line, the greater part of the current is passing 
through a hot core of relatively low density embedded in cooler gas of higher 
density. Seeliger has also found that a molecular gas present as impurity tends to 
- concentrate outside the core. In the present case this will tend to result in the oxygen 
_ being atomic in the core and molecular elsewhere. Lea -_ 
The properties of the cored discharge suggest two possibilities for explaining why 
- excitation of the auroral line occurs in the aureole. The first follows from a general 


984 K. G. Emeleus, R. H. Sloane and Eliza B. Cathcart 


theory given by Seeliger to account for differences between the spectra of cores and 
aureoles. The core is a plasma, with high ionization, in which the velocity-distribu- 
tion of the electrons is largely determined by interaction between the charged par- 
ticles, and will probably be nearly Maxwellian. In the aureole, since the density of 
the gas is higher and the current-density much less than in the core, the velocity- 
distribution of the electrons will be determined more by collisions between the 
electrons and atoms; that is to say, conditions will be similar to those in low-current 
discharge tubes. The second follows from the work of Duffendack and Smith® and 
others on the propagation of resonance radiation in the inert gases. It has been 
found that a positive column emits resonance radiation, which can be absorbed 
elsewhere in the gas and produce metastable atoms of the inert gas by secondary 
reactions. In cored discharges, resonance radiation emitted from the core could be 
absorbed in the aureole, and could produce metastable atoms in this way. The final 
result in the aureole is the same as if a feeble current were passing. 

Other possible effects of the core on the aureole include (1) diffusion of positive 
ions and electrons into the aureole, which recombine there—this should lead to an 
enhancement of high series lines of Ar 1 in the aureole, which we have not observed; 
(2) diffusion of metastable atoms, if present in the core, into the aureole; (3) illumi- 
nation of the aureole with Ari radiation from the core, which is absorbed by the 
metastable atoms and reduces their concentration. 

(c) Discharges through other mixtures, and through pure oxygen. 'These have not 
been studied in the same detail as discharges through argon-oxygen mixtures. In | 
general they are less strong sources of the auroral line. Presumably in them reso- 
nant collisions of the second kind cannot occur with the same probability as in 
argon-oxygen mixtures (§ 4), and the excitation is largely a result of electron 
collisions with oxygen atoms and molecules, with the velocity-distribution of the 
electrons not particularly favourable for direct or indirect excitation of the 1S state 
of the atom, 


§4. ATOMIC PROCESSES IN PRESENCE OF ARGON 


The preceding discussion of excitation conditions, although not conclusive, 
indicates that one or both of two factors may be primarily involved. There may be 
present numerous electrons with energy of the order of 12 v., or metastable argon 
atoms. ‘he latter may be produced by the electrons, or by resonance radiation. 
When both metastable argon atoms and electrons with this restricted range of 
energies are present, it is impossible to decide the extent to which each is responsible 
for the activation of the oxygen, without greater knowledge of the terms and ex- 
citation functions of the molecular oxygen spectrum than is at present available. 
Direct collisions between electrons and oxygen molecules, to whatever extent they 
occur, will be capable of description in the same way—in accordance with equation 
(b) below—as collisions between metastable argon atoms and oxygen, with the 
substitution for the argon atom of an electron of the same or slightly greater energy. 
From considerations of energy alone, metastable argon atoms could excite oxygen | 
atoms in the ground state to the 1S metastable:state in collisions of the second kind. | 


AS le 
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The weight of evidence goes to show however that whatever process occurs is 
efficient, and hence probably involves quantal resonance. This is not compatible 
with the energy discrepancy of 7-4 Vv. in the reaction 
Ar’ (1° or 3°)+0 (°P) > Ar (4S)+ 0’ (38). (a) 
Exact resonance would give excitation to 16701 cm: in O 1, from 1° metastable 
Ar’, or 15291 cm! from 3° metastable Ar’. The nearest terms in O 1 are 2p (Sap ek 
21207 cm-1, and 2p (4S) 48° S, 14358 cm=!. Excitation to either of these, followed 
by subsequent transitions to the !S state, again involves too great an energy dis- 
crepancy to be very likely. The primary collision is therefore probably one between 
a metastable argon atom and an oxygen molecule in its lowest electronic state 
(x°X), the oxygen atoms in the 1S state being formed by spontaneous dissociation of 
the resulting excited molecule. The choice of excited molecular states is limited by 
the conditions that the energy must not be greater than that of metastable argon, and 
not less than the sum of the energy of dissociation of normal (x*2) molecules into 
two *P atoms, and the energy of excitation of a 1S atom, or 9:26 v. These conditions 
can be satisfied only for those states which dissociate into one P and one !S atom, 
with asymptotic energy 9:26 V., and those dissociating into one 1S atom and one 
'D atom, with asymptotic energy 11-22 v. The processes which might lead to pro- 
duction of the auroral and transauroral line can then be summarized as follows: 


Ar’ (1° or 3°) +O, (x*E) > Ar (#8) +O,’ (?) (b) 
= Of 35)+0' ¢D)+0°3 v. ke. (c) 
O, (?) or 
OO (S)+'O GP) +-2:2 Va ke: (@) 
0% oy 
ae % 2 O' (1D) + hy (557 4.) (d) 
Sees O (®P) + hy (2972 A.) (d’) 


Considering the processes in more detail, the first question which arises 1s 
whether it is legitimate to regard as distinct the excitation (b) and the dissociation (c). 
It cannot be rigorously legitimate, but if there is resonance the exchange of energy 
may occur for separations much greater than those which correspond to gas- 
kinetic collisions. This implies that the internuclear distance in O, will remain 
approximately constant in the collision. There is some evidence that this occurs in 
collisions between various molecules and metastable helium atoms“. The process is 
also similar to that which is supposed to occur in the excitation of the Lyman bands 
of hydrogen in presence of argon, the chief difference being that the excited hydro- 


- gen molecule which is formed is stable as regards dissociation, and loses its energy in 
- a reversal of the excitation process with emission of radiation 


3) A second question 


is that of the nature of the excited state or states produced. ‘These might be of 


15, 1TI or 1A type (11-22 v. asymptotic energy), or of *& or *II type (9°26 v. asymp- 


totic energy), and might have a potential-minimum or be repulsive at all internuclear 
distances. The molecular spectrum of oxygen is not sufficiently well known for a 
decision to be made between them on the assumption that the internuclear distance 
is unaltered, and it is also impossible to obtain any assistance from the principle of 
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the conservation of spin, as the possible vectorial combinations are too numerous. 
It is, however, known that molecular states of the type required exist in the neigh- 
bourhood of r1v., since the molecular absorption spectrum shows anomalies 
between rooo a. and 1200 a.“7) The kinetic energy liberated in (c) will lead to no 
appreciable broadening of the lines, as the metastable oxygen atoms will be practic- 
ally in thermal equilibrium with the surrounding gas before they radiate. 

The sequence of processes (b), (c) and (d) throws some light on the inhibitory 
effect which some impurities have on the production of the auroral line. No 
emission can take place if any one of the processes is prevented from proceeding as 
indicated. Inhibition of dissociation need not be considered, as it will take place 
rapidly when once the excited molecule has been formed. A collision of the second 
kind between an impurity molecule and either a metastable Ar’ or O’ atom may result 
in interruption of the sequence. In the case of collisions with Ar’, the impurities 
compete with the normal oxygen molecules, and the amount which can be tolerated 
will be determined by the amount of oxygen present and by the closeness of reso- 
nance in the process, similar to (b), by which the impurity becomes excited by the 
Ar’. The same remark applies to collisions of the second kind between impurities 
and O’, but these may be expected to be less important than collisions with Ar’, 
since most molecules likely to be present are not rich in electronic levels so close as 
4:2 V. to their ground state. A chemical reaction between the O’ and impurity can, 
however, occur. Both Ar’ and O’ atoms can also undergo transitions in collisions of 
the first and second kinds with electrons. These cannot be discussed quantitatively 
in the absence of probe data for the electrons. Qualitatively, neither effect would be 
expected to be of importance in the aureole, but either might be important in the 
core. It is possible that destruction of metastable atoms in these ways by electrons is 
responsible for the weakness or absence of the auroral line from the light of the core. 

It has been assumed that the emission of the auroral line is spontaneous. This is 
probable, both because it can be obtained from feeble discharges, and because it is 
narrow. On this assumption it is possible to make a very rough estimate of the 
concentration of O’ atoms in the 'S state. In a discharge such as that which gave the 
spectrum shown in the plate, the total amount of light reaching the slit is about the 
same for the auroral line and for Ar 1 5589 a. The latter is emitted, from the core, in 
a transition from the 5s,’ level, with an excitation potential of 15-2 v. If the con- 
centrations of the excited oxygen and argon atoms are m) and ny, the transition 
probabilities Ay and Ay, and the lengths along the tube radius for which the lines 
are emitted 7) and ry, then n)Apory and n4A,4r4 must be approximately the same. 
Since the core is highly ionized, n4 may be related to the concentration N of un- 
excited Ar atoms by a Boltzmann factor involving the electron temperature W“, 
or if the statistical weights are neglected, 


3 
= —$ 15.2/W 
n4=Ne 2 / 5 


W will be of the order of unity and N of the order of 10!7 cm:3, and hence n ais about _ jj 
1o’cm.*. If dy=2 and A, is estimated to be 5-108 while 79/74 = 10, my is 2°5 x 10!2cm 
If the total concentration of the oxygen were five per cent of that of the argon, about 
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5*10-* per cent of it would be in the 1S state. These calculations are very uncertain, 
on account of the entry of W into the exponential factor, but it seems impossible, 
from the relative values of A for permitted and forbidden transitions, to escape 
from the conclusion that the concentration of metastable oxygen atoms is large. 


§5. GENERAL CONSIDERATIONS 


The consideration of electrical and atomic processes in the two preceding 
sections does not exhaust all possible factors which may be involved in the produc- 
tion of the auroral and transauroral lines. It is difficult to be sure that even all 
major effects have been taken into account when one is dealing with systems so 
complex as these discharges. It is however interesting to consider whether any con- 
clusions about the production of forbidden lines in general can be reached on the 
basis of the results which we have obtained, and this wider problem can be ap- 
proached by examining why the forbidden red lines of oxygen, in particular the 
strongest line (6300 A.), were not emitted from the tubes which we have used. 
Oxygen atoms in the initial ('D) state for this transition can be produced from oxygen 
molecules by metastable argon atoms in the processes (c) and (d). They may also 
possibly be formed by a third process, in which an excited molecule is formed 


_ which dissociates into two atoms in the 1D state, with asymptotic energy 9:0 v. The 


rate at which atoms are formed in the !D state may thus be somewhat greater than 
the rate at which they are formed in the 15 state. The intensity of the red line 


_ depends, however, not on the rate of formation of atoms, but on the stationary 
concentration m set up, particularly near the core, and it can be seen that the in- 


tegral of An throughout the accessible parts of a tube of ordinary dimensions should 


be less than the corresponding integral for the auroral line. The difference arises 


_ from the fact that A is 270 times greater for the auroral line than for the red line. 
_ This operates in two ways. Firstly, a metastable 1D atom is much more liable to 
- undergo change by a collision during its lifetime than a 1S atom, and secondly, even 
if no deactivating collision occurs, it may be lost by diffusion to the walls or else- 
' where. An approximate treatment of the effects of diffusion can be given by taking 


the mean distance € to which an oxygen atom diffuses before radiating to be of order 


given by E=2 (D/A)}, 


' where D is the diffusion coefficient. D is unknown for these metastable atoms, but 
‘from the values of other diffusion coefficients” will probably be about 0-3.?/8, 
where « is the ratio of the temperature to 273°, and f the ratio of the pressure to 
760 mm. For the green line, A =2 sec:1, and with typical values of 2 and 3/760 for 
a and f respectively, €=25 cm. This is rather large compared with the diameter of 
the core, but not much greater than the diameter of the bulb in the tube referred to in 
-§ 2, the whole of which was sometimes seen to emit the green line. For the red line, 
é is some 16 times longer. It would therefore be expected to be observable with any 
‘ease only with wider tubes than we have employed, or with cored discharges of 
higher current density. One or both of these conditions seem in fact to have been 


observed by previous workers who have obtained it. 
63-2 
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In the case of forbidden lines of the ions of the light elements, conditions be- 
come even more unfavourable. The metastable excited ions will, in addition to 
normal diffusion forces, be also subject to radial electric fields, tending to draw them 
towards the walls. They are also liable to be neutralized by electron-exchange in 
collisions with other atoms and molecules, which is probably a main cause of their 
destruction. We were unable to obtain forbidden lines of the nitrogen and oxygen 
ions by passing an intense condensed spark through the edge of an arc, or the 
forbidden lines of neon by passing a condensed spark through a negative glow, or by 
passing a high voltage spark through the gas. The first method can apparently be 
applied successfully if still heavier discharges are used", The full conditions for 
success in these cases are not clear, but the experiments on the auroral line indicate 
that they may include the establishment of an intensely ionized core, which main- 
tains an aureole, and that this can act as a source of the forbidden lines when certain 
auxiliary conditions are satisfied. 
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A REINVESTIGATION OF THE ULTRA-VIOLET 
BAND SYSTEM OF CARBON MONOSELENIDE 


By R. F. BARROW, Imperial College of Science and Technology, London 
Communicated by W. Fevons 28 Fuly 1939 


ABSTRACT. The ultra-violet band system of CSe observed by Rosen and Désirant 
has been produced in a heavy-current uncondensed discharge through a silica tube into 
which small quantities of a mixture of aluminium, selenium and a hydrocarbon grease are 
introduced. The accuracy of the derived constants is considerably increased, as a result 
of measurements of some twelve band-heads in the region 2760—A3054. With the 
exception of band-heads affected by perturbations associated with v’ = 1, the data are well 
represented by 


Vhead = 35238°0+ (835-7u' — 2:2’) — (1036-0u"’ — 4-8u'’?) — 1-3u'u"", 


where u=v+}. The vibrational coefficients in this expression, and the estimated value, 
6-8ey., of the energy of dissociation of the ground state of CSe, are brought into satis- 
factory relation to those of the neighbouring molecules CO, CS and SiSe. Unsuccessful 
attempts have been made to develop the corresponding system of CTe. 


selenides and tellurides of the elements of group IV-b“” the existing data for these 

molecules were examined critically. Those referring to the ultra-violet system of 
CSe were found to be particularly unsatisfactory, in so far as the only available 
observations, namely, Rosen and Désirant’s®, include only ten bands of the system, 
obtained in emission, and their analysis is based on measurements claimed to be 
accurate, in the case of the strong bands, to within only + 5 cm-!; their approximate 
expression for the observed band-heads is 


Vnead = 35250 + (830u’ — ?) —(1037u" — 8u"?), 
where u=v+4. The present note gives the results of a reinvestigation of this 
system, in which these authors’ analysis has been confirmed as a result of more 


accurate observations of these bands, obtained in emission, and photographed on 
instruments giving dispersions two and four times greater than that used by Rosen 


|: the course of a survey of corresponding band systems of the oxides, sulphides, 


and Désirant. 

The source used for the production of the system was a heavy-current discharge 
through a silica tube of the type shown in figure 3 of a previous paper’, small 
pellets of powdered aluminium and selenium bound with a hydrocarbon grease 
being introduced into the positive column as and when required. Current for the 
discharge tube was taken from a 2400-V. 5kva. transformer connected to the 230-v. 
supply of a.c. at 50 c./sec: the optimum value of the current through the tube was 
found to be about 1-5 amp. The system was photographed against Fe arc lines on 
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Ilford Ordinary and Zenith 650 plates in (i) a first order of a 2-4-m. concave grating 
in an Eagle mounting with dispersion of about 7-42 A./mm., and (ii) a large quartz 
Littrow instrument whose dispersion varied between 2-40 A./mm. at A2600 and 
3°90 A./imm. at Az000. Exposures were of the order of six minutes. A reproduction 
of a prism spectrogram is given in the plate. 

The system consists of red-degraded bands extending from A2760 to A3053, the 
o--o band being near A2844-0. Atomic lines present are due to C, Si, Ni, Pb, Sb, 
Tl, Ag and Ge: other bands developed are those of CS on the short-A side and OH 
at (3064, which probably curtails observations on the long-A side of the CSe system. 
The general appearance and intensity-distribution in this system are, as Rosen and 
Désirant remarked, very similar to those observed in that of CS, as excited by an 
analogous method. 

Measurements of the band-heads and the assigned values of the vibrational 
quantum numbers are set out in a Deslandres scheme in table 1. The equation 


Vhead = 35238°0 + (835°7u' — 2:2u'?) — (1036-0u” — 4:8u"?) —1-3u'u" 
represents well the measurements on the best observed bands, and involves the 
assumption of a perturbation of the order of 10 cm: in the v’=1 level. The 


Table 1. Deslandres’ arrangement of band-head data. 


Italics denote wave-lengths in air (1.A.); large Roman, wave-number 7m vacuo (cm.~); small 
Roman, wave-number differences im vacuo (cm.~*). 


3 2810:60 
35569°1 
819°9 
2 2794-93 2876-92 2963°5I 3054°21* 
35768°6 1019'4 —- 34'749°2 101§*3 337339 = Tool", 3327322 

835°8 834°0 833°6 

I 2779°98 286180 2947°67 3038-58 

35960°9 34932'8 10176 = 33915°2 10o14°6 32900°6 
821°7 819°5 818-7 
° 2844°99 2930°55 3020°59 
t 35139°2 102579 34113°3 1016°8 + 33096°5 

i> 1) I 2 3 4 


* Measure probably upset by OH structure. 


necessity of the term in w'w” is seen in table 1 in the systematic increase (i) of each 
of the vibrational intervals G’($) and G’(14) with diminishing values of v”, and 
(11) of each of the vibrational intervals G"($), G”(14) and G"(23) with increasing 
values of v’'“. This term, which takes account of the variation of the intervals 
between R-head and band-origin from band to band, is to be expected in the case 
of a system such as this in which the distribution of band intensity is of the type 
represented by a narrow Condon parabola. 

Besides the bands listed in table 1, the discharge is invariably accompanied by 
bands at 2761-76 and A3o010°55 which may be the 5+3 and 5->6 bands of the 
present system, and by a band at A2884:53, which remains unidentified. 

The vibrational constants and system origin will be discussed in their relation 
to the data for corresponding systems in a forthcoming paper describing band 
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systems of GeSe and GeTe; here it will only be noted that the value for the energy of 
dissociation in the ground state obtained by extrapolation by means of the expression 


D=(w, — x,w,)*/(4x,w, x 8106), 


viz. 6-8 ev., although probably too high, is in satisfactory relation to the values, 
g:1, 7°8 and 5-8 ev. for the ground states of CO, CS and SiSe“ respectively. 

In conclusion, it may be mentioned that attempts have been made to obtain 
the corresponding system of CTe by analogous methods under a variety of experi- 
mental conditions in which carbon and tellurium have manifested their simul- 
taneous presence in the positive column of the discharge tube: on certain of the 
plates it is possible to locate a few weak bands in the expected region, but they are 


inadequate for a vibrational analysis, nor is it even certain that they belong to the 
CTe system. 
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THE EXAMINATION OF DENTAL ENAMEL BY 
X RAYS AND THE POLARIZING MICROSCOPE 


By J. THEWLIS, M.Sc., Physics Department, National Physical 
Laboratory, Teddington, Middlesex 


Received 23, May 1939 


ABSTRACT. The phenomena of birefringence exhibited by human dental enamel are 
shown to be consistent with the crystalline arrangement previously suggested by the author 
on the basis of x-ray measurements. The main feature of this arrangement is the presence 
of two groups of apatite crystallites within each enamel prism. The hexagonal axes of one 
group are inclined to the prism direction at about 5°, and those of the other group at about 
40°, the 5° group usually being predominant. X-ray examination suggests that both groups 
of crystallites are also present in the interprismatic substance, and the optical properties of 
this material indicate that it contains, in general, a majority of the 40° crystallites. 
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into the submicroscopic structure of dental enamel, in which it is shown that an 

enamel prism contains a multitude of regularly arranged apatite crystallites, the 
orientation of which is worked out in detail for human deciduous enamel. It is clear 
that if enamel consists of regularly arranged crystallites, examination with the 
polarizing microscope should give useful information; and much important work on 
this subject has in fact been carried out by W. J. Schmidt, and by his pupils A. Keil 
and M. Harders-Steinhauser. ‘This work, although dealing to a large extent with 
problems not attacked by x-ray methods, has also led to certain conclusions regarding 
the nature of enamel, which can be examined in the light of x-ray evidence; and it is 
the purpose of the present paper to attempt to correlate the optical and x-ray 
results. 

It may perhaps be desirable, at this stage, to describe very briefly a few of the 
main facts concerning the histology of human dental enamel. This material is by no 
means homogeneous and microscopic examination reveals that it is largely made up 
of long narrow rods which are often hexagonal in cross section and are therefore 
frequently referred to as “‘prisms”’. The breadth of a prism is usually between 
2x 10cm. and 5x10-4cm. and each prism runs from the enamel-dentine 
boundary to the outer enamel surface. The prism material is mostly inorganic, but 
each prism is enclosed by a very thin sheath of organic material. The prisms, with 
their organic sheaths, are separated from each other by the interprismatic substance, 


I a recent paper“? the author has published the results of an x-ray investigation 


t 
| 
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which again is mostly inorganic. The directions in which the prisms run in a tooth 
are shown in figure 1. 


— Enamel 


Dentine 


Figure 1. Diagram showing the directions of the enamel 
prisms in an average tooth. 


(From Orban’s Dental Histology and Embryology.) 


§2. THE COMPOSITION OF ENAMEL 


When tooth sections are examined with polarized light the enamel is clearly seen 
to be birefringent, and this was recognized as long ago as 1861 by Valentin™. 

The birefringence of a substance may be due either to the intrinsic birefringence 
of its crystalline constituents (Eigendoppelbrechung) or to a regular arrangement 
within the substance of rod-shaped particles, of which the thickness and distance 
apart are small compared with the wave-length of light (Mormdoppelbrechung). 
Unless the refractive index of these particles is different from that of the medium 
in which they are contained, however, the latter type of birefringence will not be 
observed. 

The theoretical aspect of form birefringence was dealt with by Wiener™’, and 
form birefringence and eigen birefringence were both observed by Ambronn in 
alumina™), and in celloidin and cellulose. It was left to W. J. Schmidt, however, 
to show that form birefringence and eigen birefringence could also be observed 
together in developing human enamel. He concluded ”®* that this type of enamel 
is ‘‘built up of small rod-shaped particles, arranged so that their lengths are more or 
less exactly parallel to each other and to the optic axis—and therefore also approxi- 
mately to the prism axis”. Schmidt also confirmed the view of v. Ebner that the 
further calcification of enamel takes place by the deposition of new calcific particles 
between those already laid down, and came to the conclusion that an enamel prism 
is composed of submicroscopic particles of a uniaxial crystalline substance similar 


(3) 


to apatite. 
Chemical analysis indicates that enamel does in fact consist largely of hydroxy- 


apatite, Cayo(PO,), (OH),, and this conclusion is fully confirmed by x-ray analysis 
(see, for example, Thewlis and others“). 
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The size of the crystalline particles in enamel has been estimated by Moller and 
Trémel"” to be 1ro-4cm. and by Bale and others” to be about 3 x 10~® cm. 
Examination of x-ray diffraction photographs of enamel shows that the latter size is 
of the right order, the former being much too high. 

This being the case, it is clear that an enamel prism, of which the length is at 
least equal to the depth of the enamel, and of which the breadth is, as has been 
stated above, between 2 x 10-4.cm. and 5 x 10-4cm., must contain a multitude of 
apatite crystallites. Thus Schmidt’s conclusion is so far consistent with x-ray 
evidence. 


§3. THE STRUCTURE OF ENAMEL PRISMS 


The picture of an enamel prism presented by the polarizing microscope is 
confirmed by x-ray examination in so far as the enamel is shown to consist of small 
crystalline particles of apatite. The optical results suggest, in addition, that the 
optic axes of these particles are approximately parallel to each other and to the 
prism direction. But according to the author’s x-ray measurements, although the 
axes of some of these particles are approximately parallel to the prism direction, 
being inclined at about 5° to it, those of other particles are inclined to it at about 
40°. These axes point to that side of the prism which is remote from the tip of the 
nearest cusp, the directions being taken away from the tooth as in figure 2. 

At first sight the x-ray and optical results do not appear to agree, but it is shown 
below that the optical properties of a system of crystalline particles arranged as in 
figure 2 are in fact similar to those which are exhibited by enamel prisms. 

If a longitudinal section of a tooth be cut so that the enamel prisms lie in the 
plane of the section, and if this section be examined with polarized light between 
crossed nicols, then figure 2 will represent the relationships between a prism, its 
constituent crystallites, and the directions of vibration in the nicols. 

In this diagram OP represents the direction of the prism at the point O in the 
enamel, OF, and OF, the directions to which the optic axes of the two sets of 
crystallites in the prism are parallel, Op the vibration direction of the polarizer and 
Oa that of the analyser. The angles POF, and POF, are 5° and 40° respectively. 

Now in the case of a section of a human tooth, optical extinction is usually stated 
to occur when the direction of vibration in the polarizer or analyser is approximately 
parallel to the direction of the prism. Further, as Schmidt has shown, transverse 
sections of prisms remain dark for all settings of the crossed nicols. 

This general description, which is true so far as it goes, does not make clear the 
fact, noted by v. Ebner“, that in the extinction position, for longitudinal sections, 
the direction of vibration in the appropriate nicol is never quite coincident with the 
direction of the prism, but is inclined to it at angles ranging from 5 to 20°. v. Ebner 
found this not only in sections of teeth but in isolated prisms, so that possible errors 
due to underlying prisms were excluded. The phenomenon is mentioned by 
Kitchin"* and was indeed noticed by Cape and Kitchin"®. Schmidt has also 
observed the effect, and it is referred to in the admirable survey of the optical 
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examination of dental enamel given by Harders-Steinhauser“. None of these 
workers, however, appears to have stated whether the optic axis is sometimes 
inclined to the direction of the prism on one side and sometimes on the other, or 
whether it is restricted to one side only. An optical examination has therefore been 
made of a series of longitudinal sections of human teeth, and it has been found that 
extinction only takes place when the direction of vibration in either nicol is inclined 
to the direction of the prism on the same side as OF, and OF, in figure 2. 


Fy 


Fy 


Enamel 


Figure 2. Diagram of section of tooth showing relationship between direction of prism, crystallite 
axes and directions of vibration of crossed nicols. OP, prism direction; OF ,, direction of crystal- 
lite axes (1); OF, direction of crystallite axes (2); Op, vibration direction of polarizer; 
Oa, vibration direction of analyser. 


To decide whether or not the optical and x-ray results are mutually consistent, 
the extinction phenomena, if any, associated with the arrangement of crystallites 
illustrated in figure 2 will now be determined. In order to do this the intensity of the 
light transmitted through longitudinal and transverse sections, as the nicols are 
rotated with respect to the section, will be calculated. 

(i) Longitudinal sections. ‘The extinction phenomena, if they exist, will be re- 
peated every go° during rotation, so that we need only consider variations in 
intensity which take place as the polarizer and analyser are rotated through go° 
from any given position. This position is chosen to be that in which the direction 
of vibration in the polarizer is parallel to the direction of the prism. 

The problem is essentially that of calculating the interference effects due to the 
superposition of two uniaxial crystal plates. The expression for the intensity of the 
transmitted beam in this case was worked out by Fresnel” and has more recently 
been discussed by Schulz“). 
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In the general case the intensity is dependent on the order in which the two 
crystal plates are struck by the incident beam of polarized light, but for crossed or 
parallel nicols the intensity is independent of this factor. If it be assumed for the 
moment that figure 2 represents the arrangement, not of two sets of crystals, but of 
two crystals only, the optic axis of crystal 1 being parallel to OF, and that of crystal 2 
being parallel to OF, then the expression for the intensity of the transmitted beam, 
in the case of crossed nicols, reduces to: 


I=I, [sin? 2 («—) S,2+sin? 2 («—7) S,? 
+2 sin 2 (a—7) sin 2 (7—72) Sy Sz {C,C,— SS, cos 2 (n2—m)}], 
Besse (1) 


where / is the intensity of the transmitted beam, J, is that of the incident beam, « is 
the angle POP, 7, is the angle POF,, 7. is the angle POF,, and S,, S,, C, and C, are 
given by: 

iS =sin £A,,, S,=sin $45, 

C,=cos $A;, C,=tos +A, 


where A, and A, are the phase differences between the ordinary and extraordinary 
rays in crystals 1 and 2 and are given by: 


A,= a d, (my, re Nz) 


and C= = d, (m, — Ms). 


In these expressions A is the wave-length of the light, d, the thickness of crystal 1 
and d, that of crystal 2, and (m,—m,), and (m,—7,), are the strengths of birefringence 
of crystals 1 and 2 respectively. If it may be assumed that the two crystals do not 
differ appreciably in composition, we may write 


(1, — Nz), = (1 — N2)2- 

In order to determine what happens as the polarizer is rotated through go° from 
the position in which its direction of vibration is parallel to the direction of the 
prism, the above expression for J must be evaluated for values of « from o to go’, 
the values of S,, S,, C, and C, for the particular cases considered being first calcu- 
lated. This expression only applies to two of the many crystals in a prism; but since 
the interference effects are additive it may be extended to the case of a tooth section 
of known thickness D, if the prisms are presumed to be parallel to each other, by 
replacing d, by D, and d, by D,, where 

D,+D;—D, 
D, and D, being proportional to the numbers of crystallites with optic axes parallel 
to OF, and OF, respectively. 

According to the x-ray results, the first group of crystallites (i.e. crystallites with 


optic axes parallel to OF,) usually predominates. The crystallites of the second 
group may occasionally be as numerous as those of the first, but they are sometimes 
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absent altogether. In other words, the value of D, may vary from $D to D; i.e. the 
percentage of the first group of crystallites may vary from 50 to 100. 

The value of J has therefore been calculated for the cases in which Di 0-5); 
D,=0-6D, D,=0-8D and D, =D, corresponding respectively to the presence in the 
prism of 50, 60, 80 and 100 per cent of the first group of crystallites. The values of 
D chosen were 20, 50 and 1oop, and the wave-length of the light was taken as 
5500 A. The value of (7, —m,) used was that given by Keil, namely 0:0029. 

For all proportions of crystallites considered, it was found that intensity 
minima occurred. This is illustrated in figure 3, which gives the results for sections 
of thickness 50, the value of the intensity at the maximum (not shown in the 
figure) being put at roo. 
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Angle (deg.) between prism direction and vibration 


direction of polarizer > 


Figure 3. Curves showing variation of intensity of transmitted light as crossed nicols are rotated, 
for different percentages of first group of crystallites. D=s5oyp. 


It will be seen from figure 3 that as the percentage of the first group of crystallites 
rises the value of « corresponding to the minimum falls, and the extinction becomes 
more nearly total. Figure 4, in which the extinction values of « are plotted against 
the percentage of the first group of crystallites, shows that the value of « for which 
extinction takes place is also dependent on the thickness of the section. 

From the above discussion it will be seen that the arrangement of crystallites 
suggested by X-ray examination, and illustrated in figure 2, should give rise to 
extinction in a longitudinal section when the direction of vibration in the polarizer 
or analyser is inclined to the direction of the prism, on the side remote from the tip 
of the nearest cusp (the directions being taken away from the tooth), at angles 
ranging from 5 to 225°, according to the relative proportions of the two sets of 
crystallites present. By the use of the polarizing microscope, as has already been 
mentioned, it is found that extinction is in fact observed at angles ranging from 


5 tO: 20 
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(ii) Transverse sections. In transverse sections the light is travelling along the 
direction of the prism and not at right angles to it; it is travelling at 5° to the optic 
axes of the first group of crystallites and at 40° to those of the second group. 

Now calculation shows that the birefringence is negligible for light travelling at 
5° to the optic axis of apatite and is 00015 for light travelling at 40° to this direction.* 
Consequently if f represents the fraction of the second group of crystallites present 
in the prism, and D represents the thickness of the section, the effective thickness, 
as far as birefringence is concerned, will be represented by fD; and the problem of 
calculating the intensity of the light transmitted along the direction of the prism is 
reduced to that of determining the intensity transmitted through a single crystal 
plate, of thickness fD, in such a direction that the difference between the refractive 
indices of the ordinary and extraordinary rays is 00015. 


100 
90 
80 
70 
60 


50 
0 5 10 15 20. 25 


Percentage of first group of crystallites > 


Angle (deg.) between prism direction ond vibration direction of 
polarizer in extinction position > 


Figure 4. Curves showing relationship between extinction position and percentage of 
first group of crystallites, for different thicknesses of section. 


The expression for the intensity of the transmitted beam in this case, for crossed 
nicols, is 
I=, sin? 2¢ sin? $A, 
where J is the required intensity, J) the intensity of the incident beam, ¢ the angle 
between the vibration direction of the polarizer (or analyser) and either of the 
vibration directions of the crystal, and 


2 
A= d (n,—n), 


where A is the wave-length of the light, d the thickness of the crystal plate and 
(7,—n,) the birefringence. As we know, d=fD and (n, —,) =0°0015. 
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Clearly when ¢=o° or go° the value of J will be zero; total extinction will occur. 
The maximum value of J will occur when ¢= 45°, and will be given by 


Imax. = 1p sin? 4A, mi otefehers (3) 


According to the x-ray results a usual value for f appears to be about 0-2, and 
when this value is substituted in the above expression, the same value for A being 
chosen as before, it is found that 


Imax. = 00071, for sections of thickness 50 11, 
and that Imax. = 0°03) for sections of thickness 100 p. 


These values do not, of course, give much idea of the brightness at the maximum 
unless a standard of intensity is available for comparison. A suitable standard, for 
any particular thickness, is the maximum intensity, in a longitudinal section of the 
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Figure 5. Curves showing relationship between maximum intensity of light transmitted in transverse 
section and fraction of crystallites of second group, for different thicknesses of section. 


same thickness, of the light transmitted by prisms composed entirely of one group 
of crystallites. The value /, of this intensity is given by equation (3) if we put 
d=D and (n,—n,) =0-0029, and it is then found that 


I,=0°54I, for a section of thickness 50 p, 
and I,=0-g99l, for a section of thickness 100 p. 


Thus for sections of thickness 50 and 100 » the maximum intensity in a transverse 
section is only 1-3 and 3 per cent respectively of the standard intensity. 

In figure 5 the relationship between f and the maximum intensity transmitted in 
a transverse section is shown for sections of thickness 50 and roo, the standard 
intensity being put at 100 in each case. From the curves in this figure it will be 
seen that where the first group of crystallites is predominant the prisms should 
appear dark or nearly so in all positions of the crossed nicols. ‘his, as was men- 


tioned above, is what is observed experimentally. 
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§4. THE STRUCTURE OF THE INTERPRISMATIC SUBSTANCE 


It is generally recognized that the interprismatic substance is mostly inorganic 
in character, and Keil"® has shown that it is optically birefringent and crystalline. 
He has also made certain observations, dealt with below, for which he has put 
forward what is admittedly a tentative and not wholly satisfactory explanation. 

The x-ray examination of enamel led the author“? to the conclusion that ‘no 
type of orientation is present in the interprismatic substance which is not also 
present in the prism material’’, and it was further concluded that “‘the relative 
extent to which the 5 and 40° groups are present in the two cases may...not be 
identical’. 

Although neither Keil’s results nor those obtained by the author appear in 
themselves to be capable of giving a satisfactory account of the structure of the 
interprismatic substance, the two sets of results taken together furnish, as will now 
be seen, a fairly satisfactory working model of this material. 

In longitudinal sections Keil finds that the optical orientation within the inter- 
prismatic substance is sometimes different from that within the prisms, and in one 
case deviates from it by about 40°. He also finds, in transverse sections of prisms, 
that the interprismatic substance is not dark in all positions of the crossed nicols, 
like the prism material, but is generally bright, becoming dark only for certain 
settings. 

These observations taken together with the x-ray results suggest that whereas 
the prism material, and indeed the enamel as a whole, is characterized by the 
predominance of the 5° group of crystallites, the interprismatic substance may be 
characterized by the predominance of the 40° group. Such an arrangement will 
account for the difference in optical orientation observed by Keil; for, as has 
already been seen in the case of the prism material, the angle of extinction, in a 
longitudinal section, depends on the proportion of crystallites belonging to each 
group. Indeed, figures 3 and 4, given in the previous section for the prism material, 
will be directly applicable, mutatis mutandis, to the interprismatic substance; and the 
angle of extinction will now range from 22:5 to 40°. 

The suggested arrangement of the crystallites in the interprismatic substance | 
will also account for the brightness in transverse section; for consideration of | 
figure 5, which is equally well applicable to the interprismatic substance as to the 
prism material, will show that when the second group of crystallites is predominant, 
the maximum intensity transmitted reaches an appreciable percentage of the standard _ |] 
intensity, and the interprismatic substance will therefore not appear dark except in | 
the extinction position. 

The structure proposed for the interprismatic substance is illustrated, side by | | 
side with that of the prism material, in figure 6. The short lines represent the | 
directions of the crystallite axes and not their positions, the latter being unknown. | 


Examination of dental enamel by x rays and the polarizing microscope 1001 


substance 
Prism 


Organic sheath 
Interprismatic 


oa) 

is 
ra 
a 


Figure 6. Diagram illustrating proposed structure of prism material and interprismatic substance. 
The directions of the crystallite axes are represented by short lines. 
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THE THERMAL MANOMETER, A NEW DEVICE FOR 
RECORDING LOW ABSOLUTE PRESSURES 


By R. S. VINCENT, M.Sc., A.M.IE.E. anp A. SIMONS, M.Sc. 


ABSTRACT. An instrument for recording absolute pressures over the range from or to 
roo mm. of mercury is described. The boiling point of mercury, boiling under the pressure 
to be measured, is recorded by means of a thermojunction. 


SNR OD iC AON) 


of considerable practical difficulty, because the power available is usually in- 
sufficient to move a pen or other recording mechanism satisfactorily in the 
pressure range up to say 100 mm. of mercury. In addition to the above difficulty, 
instruments operated directly by the mechanical pressure of the rarefied gas are 
characterized by a more or less linear relation between the absolute pressure and the 
movement of the pen. For this reason, and also on account of zero error and pen 
friction, a very poor percentage accuracy is obtained near the lower end of the scale. 
For example, when a range up to 100 mm. of mercury is covered, readings of the 
order of 1o mm. may easily be in error by 10 per cent owing to pen friction and 
mechanical imperfection of the mechanism, while readings of the order of 1 mm. 
would be almost meaningless, and it would be impossible to detect an absolute 
pressure, or pressure-change, of o-I mm. 
To meet the need for an accurate and reliable method of recording absolute 
pressure in gaseous media, the writers have developed the thermal manometer. 


[os problem of recording low absolute pressures by any direct method is one 


§2. EARLY EXPERIMENTS 


The first conception of the principle of the thermal manometer was to balance 
the absolute pressure to be measured by the saturated pressure of a liquid, and to 
record the temperature of the saturated vapour necessary to produce this balance. 
A mercury-in-glass U-tube manometer was arranged as in figure 1. ‘The closed 
limb was provided with an external heating coil through which a current passed 
when the circuit through the contact in the right-hand limb was broken. The effect 
of the heating current was to raise the vapour pressure of the mercury in the left- 
hand limb until it became equal to the absolute pressure applied to the right-hand 
limb. An approximate state of balance was thus maintained. By recording the 
temperature of a thermojunction in the left-hand limb, a record of the applied 
absolute pressure was obtained. It was found to be difficult to avoid hunting in the 
above arrangement, so that the temperature record showed a regular periodic 


fluctuation even when a steady absolute pressure was applied to the manometer. 
64-2 
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To overcome the above difficulties, it was decided to supply heat steadily to the 
liquid and to disperse the excess heat in a vertical condensing tube. The mercury 
U tube, the only purpose of which is to operate the contact, thus became unneces- 
sary, and the very simple form of apparatus described below was evolved. 


_- Leads to recorder 


Thermojunction 


Heating coil 


Platinum contact 


150 mm. 


Platinum contact 


CG) AC. supply © 


Figure 1. 


§3. THERMAL MANOMETER WITHOUT CONTACTS 


Description of the manometer. The instrument is shown in figure 2, it consists of 
a tall glass tube about 1 in. in diameter, closed at the bottom and having a side tube 
at the top for connecting to the pressure to be measured. A narrow tube, also sealed 
at the bottom, runs down the centre of the wide tube to within about 3 in. of the 
bottom. A small quantity of mercury is kept boiling by an external heater in the 
bottom of the larger tube. ‘The vapour condenses on the sides of the tube and returns 
to the boiler. The condensation temperature of the vapour is recorded by a thermo- 
couple passed down to the lower end of the inner tube, a Cambridge thread recorder 
reading from o to 300° c. being used for this purpose. 
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It is clear from the diagram that the temperature of the saturated vapour over 
the boiling liquid will be maintained automatically at a value such that the saturated 
vapour pressure is equal to the absolute pressure applied. Any slight excess of 
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thermojunction 


Platinized glass 


Figure 2. Diagram of thermal manometer. 


temperature would cause an increase in the flow of vapour into the condensing tube, 
and therefore an increase in the rate of losing heat and a return to the equilibrium 
temperature. Similarly, a temperature slightly below the equilibrium value would 
cause a reduction of the flow of vapour into the condenser, with a corresponding 
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reduction in heat-loss and consequent rise of temperature up to the equilibrium 
value. The supply of heat to the mercury is such that the mercury is just boiling at 
the highest pressure which it is desired to measure—in this case about 100 mm. In 
these circumstances, the mercury is only condensing over the lower end of the tube 
just above the lagging surrounding the thermocouple. At low pressures the mercury 
boils faster and the vapour condenses right up the wall of the tube nearly to the top. 


§4. CONSTRUCTIONAL DETAILS 


The construction of the instrument will be clear from figure 2. The body is made 
of Pyrex glass, all the essential dimensions being given in the diagram. The heater 
is wound on a bedding of a single layer of thin asbestos tape, 1 in. wide, to give a 
firm grip on the glass. This should be wound as near the end of the tube as the 
curved surface permits. The coil is wound with 26 s.w.g. oxidized nichrome wire, 
three metres of wire being used giving a resistance of approximately 20 ohms. The 
turns are wound in contact with one another, the oxide film providing sufficient 
insulation. The heater and the end of the tube are then lagged with a layer about 
1 in. thick of asbestos tape. 

The outer wall of the tube is silvered for about 1-5 in. on either side of the 
thermocouple to prevent loss of heat by radiation. This can best be done by platiniz- 
ing, the colloidal platinum available commercially under the name “‘liquid bright 
silver” being used. Alternatively, a sheet of aluminium foil may be wrapped round 
the glass. The reflecting surface is then lagged with glass wool packed inside a 
corrugated metal tube about 3:5 in. in diameter; part of an old vacuum-flask case 
serves very well. 

Finally, sufficient clean mercury is poured into the instrument to fill it up to the 
top of the heating-coil; about 200 grams is necessary. The heater is supplied by a 
small transformer giving 30 volts on the secondary, the consumption thus being 
45 watts. This will be found enough to keep the mercury boiling at the highest 
pressures for which the instrument is intended. 

The thermocouple employed was of copper and eureka metal. In order to 
insulate the two thermocouple leads from each other, the copper wire only was 
provided with braided glass fibre insulation. This type of insulation was found to 
withstand the high temperature without deterioration. 


§5. OPERATION OF THE MANOMETER 


A calibration curve showing the relation between temperature and pressure is 
shown in figure 3. In obtaining this curve the pressures up to 10 mm. of mercury 
were measured with a McLeod gauge, and from 10 to 100 mm. with an ordinary 
U gauge. It will be seen that between 1 and 100 mm. of mercury the curve follows 
the known mercury-vapour {pressure, temperature} relation very closely. 
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The effect of the heating-current on the temperature recorded is shown in 
figure 4. At high pressures the temperature measured is practically independent of 
the loading, provided this is sufficient to keep the mercury boiling. But at low 
pressures changes of current produce variations in the temperature. This may be 
due to two causes; firstly direct radiation and conduction from the heater, and 
secondly the very considerable How of mercury vapour which takes place up the 
tube to the region of condensation at the top. This flow must be produced by a 
pressure-gradient in the tube, and hence the pressure which is affecting the 
temperature is higher than that which is being applied at the top. 


Needle valve closed 


Pressure (mm.) 


40 
Time (min.) 


Figure 5. Rate of response of thermal manometer. O—O pressure measured on McLeod gauge. 
x—X pressure measured by thermal manometer. 


The rate of response of the instrument to sudden changes in the applied pressure 
has been examined. The results of an experiment in which the readings of the 
thermal manometer are compared with those of a McLeod gauge are graphed in 
figure 5, from which it will be seen that the thermal manometer starts to respond 
immediately the pressure starts to change, but requires several minutes before the 
reading has become sensibly constant at the new value. It is clear from these results 
that the instrument would not be suitable for accurately following rapid fluctuations 
of pressure; its rate of response is, however, adequate for many industrial processes. 
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§6. THE USE OF ALTERNATIVE LIQUIDS 


This difficulty of obtaining readings independent of the heating-current at low 
pressures led to attempts to use liquids other than mercury. Apieson oil A, which 
has a boiling point of 192° c. at 1 mm. of mercury, was first tried, but exactly the 
same effect was produced. The change of pressure over the range from o-or to 
o'r mm. of mercury produced very little change in temperature. This was the case 
even when the heating-current was reduced to the minimum necessary to keep the 
liquid boiling at a pressure of 1 mm. 

A flat heater covering the bottom of the tube instead of being around the sides 
was tried, but this produced violent bumping and splashing of the liquid, especially 
at the higher pressures. Since the range from o-r mm. upwards was that for which 
the instrument was required, no further attempts were made to extend the range to 
lower pressures. 


§7. REFERENCE TO PREVIOUS WORK 


Since the experimental development work on the thermal manometer was 
carried out, the writers’ attention has been drawn to a paper by Hickman, Hecker 
and Embree“ on the measurement of low vapour pressures. This describes the 
measurement of the vapour pressures of diffusion-pump liquids such as butyl 
phthalate over the range from 5 mm. down to 10-* mm. of mercury. For the higher 
pressures an apparatus similar to that described here was used to measure the 
condensation temperature of the vapour from a liquid which boiled under controlled 
pressure. The absolute pressure over the liquid was measured by instruments 
external to the apparatus. It is mentioned that such an apparatus responds sufhciently 
quickly to be used as a manometer, although it was not actually so used in the work 
described. There is no suggestion that such an apparatus could be used for recording 
purposes. 

It is interesting to note that the apparatus in its simple form was found to be 
unsuitable for the measurement of condensation temperatures at pressures below 
0-05 mm. of mercury for the same reasons that have been described here. Our own 
experience has confirmed the tendency for the temperature to become independent 
of the pressure at very low pressures, and it thus appears that the thermal manometer 
is unlikely to be of use below about o-r mm. of mercury. There are, however, 
important industrial applications requiring absolute pressure to be recorded in the 
range from o-1 to 100 mm., and for this range the thermal manometer is eminently 


suitable. 
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THE ELECTRIFICATION OF POWDERS 
BY FREE FALL 


By G. MORRIS, B.Sc. 


Received 31 May 1939 


ABSTRACT. The electrification of insulating powders due to free fall has been examined 
quantitatively. For a given powder the quantity of electricity generated is found to be 
proportional to the square root of the product of the height of fall and the weight of powder. 
It is independent of the nature of the surface of the receiving vessel, and of the capacitance 
of the measuring system. Under given conditions of fall the quantity of electricity generated 
increases rapidly as the fineness of the powder is increased. 


§1. INTRODUCTION 


electrostatic charges by the fall of insulating powders. Some ten years ago the 
author made some quantitative measurements of this effect, and obtained 
results which throw some light on the mechanism of generation of such charges. 


I: a recent paper“) Sir Ambrose Fleming has described the generation of 
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The apparatus consisted of an earthed brass tube, 1 in. in diameter and 12 in. 
long, mounted axially above a Faraday vessel consisting of two cylindrical lead 
vessels, the outer of which was g in. in diameter and 12 in. deep and was earthed, 
while the inner was 7 in. in diameter and 9g in. deep, the vessels being connected to 
the measuring system, which usually consisted of a Dolezalek electrometer and a 
standard mica condenser, figure 1. 

To the top of the brass tube was fixed a cone of cotton of 11 cm. slant side with 
a ring of copper wire, 1c cm. in diameter, sewn into the upper edge. This ring could 
be raised or lowered from a distance by means of a system of insulated strings. 

A known weight of powder was placed in the annular bag formed by the lowered 
cone, the measuring system was earthed and insulated, and when the cone was 
stretched, the powder fell down the tube into the receiver. In the majority of the 
experiments a large nickel beaker was placed in the inner lead vessel to catch the 
falling powder. When fine powders were being handled it was found to be necessary 


to stretch the cone with a sharp jerk to loosen the small quantity of powder which 
adhered to the cloth cone. 
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§3. EXPERIMENTAL RESULTS 


The powders studied were flowers of sulphur, red lead, lead tri-nitro-resorcinate, 
and fulminate of mercury, and were all of a commercial quality and grist. ‘They were 
dried before use. It was found, in every case, that the charge generated was propor- 
tional to the square root of the product of the weight of powder and the distance 
through which it fell, that is, to the square root of the potential energy lost. ‘The 
experimental data are plotted in figure 2. Thus, for a given grist of powder of a given 
substance, there is a characteristic quantity equal to »/(Q/Wh) which may be called 
the mechanical electrification. The experimentally determined values of this quantity 
were 12-6 for flowers of sulphur, 8-86 for lead tri-nitro-resorcinate, and 6-36 for 
mercury fulminate, the powders being negatively charged, and 3-36 for red lead with 
a positive charge. The units were microcoulombs x 10-4 (g.cm.)-*. 


§4. EFFECT OF THE CAPACITANCE OF THE MEASURING SYSTEM 


Since the product of the weight and the height of fall is proportional to the 
mechanical energy of fall, and the square of the charge generated is proportional to 
the electrical energy of the system, experiments were made, flowers of sulphur being 
used as the insulating powder, in which the capacitance of the system was varied 
from 1omF. to 180juF. For the smaller capacities an electrostatic voltmeter was 
used as the measuring instrument. The results confirm that the charge is independent 
of the capacitance of the apparatus. 


§5. EFFECT OF VARIATION OF THE GRIST 


The results of some experiments with powdered rock sulphur of various grists 
are given in table 1. Similar results were obtained with resin and shellac. 

While the charges generated increase rapidly with fineness of grist, the charge is 
not proportional to the relative surfaces of the powders, but is more nearly related 
to the mean radius of the particles. 


Table 1. Variation of mechanical electrification of sulphur with 
size of particles 


| Sieve grading of powder Mechanical electrification 
(I.M.M. sieves) (microcoulombs x 10~4 g7? cm73) 
Retain 16 = Bpy 
16-24 — 3:9 
24-50 — 58 
50-80 = 1s) 
Passing 80 = TBS 
Flowers of sulphur Sra 
=: 
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§6. EFFECT OF THE SURFACE ON WHICH THE POWDER FALLS 


Some determinations were made in which flowers of sulphur was allowed to fall 
into receivers having a wide range of surfaces. These were polished nickel, glass, 
enamelled iron, rough cardboard, and glass coated with sulphur or bitumen. 

The quantity of charge generated was found to be quite independent of the 
nature of the surface on to which the powder fell. 


§7. DISCUSSION OF RESULTS 


The linear graphs of figure 2, all of which pass through the origin, demonstrate 
that neither the tipping system from which the powder is released nor the brass 
tube through which it falls plays any part in the generation of the charge, so that the 
charge must be caused by the impact of the powder at the end of the fall. 

The physical significance of the fact that the quantity of charge generated is 
proportional to the square root of the energy of impact is not apparent. An ex- 
planation would probably give a picture of the mechanism of charge-generation. 

That the charge is apparently independent of the surface on which it strikes is 
probably explained by the fact that only a small proportion of the powder actually 
strikes the receiving surface, the greater proportion of the powder grains landing on 
grains of the same powder which had arrived previously. It would be of interest 
to repeat the experiment of § 6 with decreasing quantities of powder, when different 
results might be observed as the weights falling became very small. 
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THE INTERMEDIATE IONS OF THE 
ATMOSPHERE 


By A. R. HOGG 


Commonwealth Solar Observatory, Canberra 
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ABSTRACT. Evidence is produced to show that (a) the smaller nucleated ions in city 
air exist in separate groups with distinct mobilities; (b) the variation of the mobility of 
these ions with humidity is such as to lead to the conclusion that the ions are composed 
of droplets of sulphuric acid; (c) it appears that the ions result from the aggregation of 
particles containing about 2200 molecules of sulphuric acid or multiples thereof. The 
acid, before and after aggregation, is hydrated to an extent dependent on the temperature 
and the humidity of the atmosphere and on the radius of the droplet. 


§i. INTRODUCTION 


generally referred to as “small” ions and “‘large”’ ions. The small ions have 

approximately unit mobility (1 cm.sec-1/v. cm7*). They appear to be com- 
posed of clusters of a few gas molecules, and have only a narrow range of mobilities. 
The term “large ions”’ is applied in its widest sense to a group of atmospheric ions 
ranging in mobility from 1/50 to 1/10,000 or less. ‘These ions almost certainly con- 
sist of liquid or solid nuclei which have become charged usually by the attachment 
of a small ion. Whilst the terms “small ions”’ and “‘large ions” are in common use, 
it is perhaps desirable to speak of “‘gas” ions and “‘nucleated”’ ions in order to 
avoid confusion when it becomes necessary to divide the nucleated ions into size 
groups. 

As a result of experiments by Langevin*”, nucleated ions were first considered 
to be a homogeneous species with a mobility of about 1/3000. Later Pollock® 
concluded that the nucleated ions were made up of two distinct and non-over- 
lapping species, viz. the so-called intermediate ion of mobility 1/50, and the 
previously mentioned Langevin ion. R. K. Boylan“ then brought forward evidence 
for the existence of ions down to a mobility of 1/15,000. The work of Israel and 
Schulz led to the conclusion that nucleated ions form a continuously graded 
series of sizes varying in mobility from 1/100 to 1/15,000. The present paper has 
for its object the examination of the mobility of the faster ions in this range, often 
termed intermediate ions, by means of apparatus of improved resolving power. 


Te ions of the lower atmosphere are broadly grouped into two classes 


(6) 
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§2. METHOD 


Methods for the measurement of the mobility of the natural atmospheric ion 
are limited to those of the blast type, because of considerations regarding the supply 
of ions. All blast types have considerable disadvantages, but the divided electrode 
method due to Zeleny“? is amongst the more satisfactory of its kind. This apparatus 
consists of a cylindrical condenser, the inner electrode of which is divided into two 
unequal portions insulated from each other. The longer portion A, figure 1, is 
connected to the earth; the shorter portion B is connected to a sensitive electro- 
meter. A current of air of constant known velocity ¢ cm/sec. is drawn along the 
tube in the direction of the arrows, figure 1; successively increasing potentials V 
are applied to the outer cylinder, and the resultant currents 7 flowing to the short 
electrode are measured. With the single species of ions of mobility W and con- 
centration N the theoretical graph of {7, V} is of the type shown in figure 2a, i.e. the 
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Figure 1. Diagram of the divided condenser. The electrode is shown sectioned in two places. 


current at first increases linearly along OA to a maximum (at potential V,), and 
then decreases also linearly along AB to zero (at potential V,). The lines OA and 
OB are represented respectively by the equations 

tam Weve “Ve ey Fe eee. (1) 
and t=4nNWe|[Vy(C,4+C.)—VCy, nae (2) 
where C;, is the inter-electrode capacity of the front section of the condenser, C, is 
the inter-electrode capacity of the rear section and e the charge carried by an ion. 


In electrostatic measure C,=}x,/log (b/a) and C,=4 (x2 —%,)/log (b/a), where x, is 
the length of the front section of the inner electrode, x,—.«, is that of the rear 


- section, a is the external radius of the inner electrode and 5 1s the internal radius 


_ of the outer. 


The mobility of the ions is given by either of the expressions 
Wee Olan, (Gypsy) ise (3) 
and We AiVGC ae tee (4) 


¢ being the rate of air-flow in cm?/sec. 
From equations (3) and (4) can be obtained an important but generally overlooked 


criterion of the reality of the observations, viz. 


VifVis(GQeCyfCye ates (5) 
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The concentration of the ions is derived from (1) and (3) as 
N=E,,R (C,+C,)/pet, ree (6) 
where £,, is the increase of potential of the electrometer system in time ¢ for the 


applied voltage V,, R=(C,+C;)/Cy, and C; is the capacity of electrometer and its 


connexions. ae 
In dealing with mixtures of ions the curves due to the individual species will be 
additively combined. The exact shape will depend, znter alia, on the relative numbers 


V—qw~x 


| ——_> 


Figure 2. Types of curves theoretically obtainable with the apparatus, with (a) single homo- | 
geneous species, and two species of mobility W and W’, where (b) W/W’>(C,+C,)/Ci, | 
(c) W/W’ =(C\+C,)/Cy, and (d) W/W" <(C,+C,)/Cy. 


and mobilities of the various ions present. Whether or not it is possible to detect | 
a given type of ion in a mixture depends largely upon its relative concentration. | 
Thus, in the present case, unless the ion type represents at least 2 per cent of | 
the total ions present it will probably escape detection. Another factor is the |] 
dimensions of the apparatus, and to illustrate this, mixtures of two kinds of ions of |j 
mobility W and W’ may be considered. Individually either ion will give rise to | 
curves of the type shown in figure 2a. When mixed, the ions will give curves of |] 
the types shown in figures 2b, 2c, or 2d, dependent on the relations between the | | 
mobilities of the ions and the capacities of the apparatus. Whilst the critical |} 
potentials may be found from figures of types 2c and 2d, where W/W’ <(C,+C,)/C,, |] 
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they may be located more readily with type 2b, where W/W’> (Cr GCG) Geobhe 
ratio (C,+C,)/C, thus defines a practical limit to the resolving power of the 
apparatus. Thus, unless adjoining ion groups have their mobilities W and W’ 
such that W/W’>(C,+C,)/C,, their resolution is unlikely to be accomplished if 
they are mixed with relatively large numbers of other ions. If only two ion groups 
were involved, then W and W’ might be obtained from V, and V,’, but unless V, 
and lV,’ could be definitely located it would be uncertain whether the ions dealt 
with were individual species, or members of a series forming a band of mobilities. 
Theoretically, resolution is improved by making (C,+C,)/C, approach unity, but 
this is limited by the practical necessity of having C,/C, sufficiently great to allow 
of the number of ions collected by the second electrode being readily measured. 
The foregoing discussion assumes that N remains constant throughout the 
series of observations. This assumption rarely holds in practice. To allow for this, 
simultaneous observations may be made with a second condenser held at constant 
voltage. Then in place of 7, the ratio z/z,, 7, being the current in the constant- 
voltage condenser, is plotted against V. In practice it is rather more convenient 
to use not 2/2, but the ratio p of the deflections of the electrometers attached to the 
variable-voltage and constant-voltage condensers. This ratio p will be largely 
independent of changes in the ion content, although if more than one species be 
present, effects due to large changes in the relative proportions of the mixture will 
not be eliminated. With this method the mobilities are calculated as before, but the 
expression for the concentration N, of the ions of a definite group becomes 


NE =p,EsR (C, a C.)/(pet), 


where P,,, is the maximum change in p due to ions of a particular group, F is the 
average deflection of the electrometer attached to the constant-voltage apparatus, 
and s is the sensitivity (E.S.U. per division) of the electrometer on the variable- 


voltage apparatus. 


§3. APPARATUS 


The divided electrode employed is shown diagrammatically in figure 1. ‘To 
prevent the turning back of the ions by the field, the inlet orifice O was made of 
such a size that the velocity of the entering air current was greater than any velocity 
imparted to the ions by the field. A Wulf unifilar electrometer was employed to 
measure the currents whilst the potentials applied to the condenser were checked 
by an electrostatic voltmeter. The sensitivity of the electrometer, usually 200 
divisions per volt, was frequently checked by a voltmeter during a series of obser- 
vations. Apart from containing only one large central electrode, the control 
condenser was similar to the divided-electrode apparatus. Arrangements were 
made to photograph the indications of the control apparatus so that, when desired, 
a record could be obtained of the concentrations of the ions. The air, before reaching 
the control electrode, was deprived of its small ion content by passage through a 
fore-condenser charged to a low voltage. The air was drawn into the two condensers 


through a short length of brass tubing, 5 cm. in diameter, capped with gauze of 
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1mm. mesh, and projecting through the wall of a wooden hut, at a point about 
2m. above the ground level. The air velocity was measured by a plate-orifice 
arrangement. A vacuum cleaner fan, working at a speed somewhat below the rated 
value, served to draw air uniformly through the apparatus. Fine control was 
obtained by valves in the air lines, and no serious difficulty was encountered in 
maintaining a measurably constant air flow. In any case, the effect of minor 
fluctuations in the blast would be taken account of, up to a point, by the control 
condenser, as the fan provided suction for both condensers. 

In order to determine one point on a curve, ions were collected, in both con- 
densers, for a period ranging from 30 to 180 sec., according to circumstances. ‘The 
range of mobility investigated varied considerably from experiment to experiment 
with the ion concentration. Thus on those occasions when the ion content was so 
small as to require 180 sec. to give a satisfactory electrometer reading, the range 
investigated had to be curtailed. The determination of a complete curve generally 
required from 14 to 2 hr. 


§4. RESULTS 


The measurements, which were made at Kew Observatory, were carried out 
during the winter of 1937-8, and were confined to the observation of positive ions. 
The curves obtained were generally of the type shown in figure 3, which represents 
an actual set of observations made. This curve exhibits several small, but apparently 
definite discontinuities, and from considerations of the previous section, has the 
appearance of being a composite curve arising from the presence of various more or 
less distinct groups of ions in the mobility range 100 to 10 x 1074 cm. sec7!/v. cm? 
A total of 123 discontinuities was observed in 48 satisfactory sets of observations. 
The measured mobilities did not fall into a few well-defined groups, but were 
scattered over the whole range investigated. When observations were repeated at 
intervals of a few hours, a satisfactory agreement was obtained; for instance, on 
28 February 1938, the ions of the following mobilities were detected: 


Ati5 hr. o-o120 00045 0-0026 0-0016 
At17 hr.” 0:01re 00049 0°0027 no observation 


and on February 7, with different air flows 


At 11 hr. (6=333) — 0:0067 00041 0:0026 
At 12 hr. (¢=500) o0-0145 0:0074 00039 00021 


In this second example the more favourable working conditions associated with the 
greater air-flow resulted in the detection of a faster ion. Generally speaking, there 
was no difficulty in obtaining regular curves, but on twelve occasions out of a total 
of sixty, the curves obtained showed irregularities. Of these twelve occasions, two 
were associated with instrumental defects, five occurred when observations were 
attempted in showery weather, and three during fog or mist, whilst two could not 
be accounted for. Table 1 shows the 48 sets of satisfactory observations of mobility 
together with the associated values of the ion-concentrations. 


Table r. Observed mobilities 1 (10-4 cm. sec? 
N, (ions/cm?) of the ion groups 


*/v. cm:1), and concentrations 


Date G.m.t. Date G.m.t. 
1937 (hr.) 1938 (hr.) Wee 
October 26 | 16 =) January 3] 11 -12 39 300 
28 | 104-124 23 670 
29 | 104-114 15 750 
4 | 14 -17 135 200 
20°) 25 18 74 240 
35 390 
29 | 203-22 23 600 
| November 2 103-114 15 850 
So\ 2s —13 se) II00 
5 | tog—-1rd 5 | 103-12 55 200 
6 | co -ord 34. 370 
LOg\ 2 Ie 2s 18 1000 
II | 93-104 Tz — 
I5 | 103-114 31 | 144-16 FB 170 
16 | 103-12 34 170 
20 170 
February 2 | 10 -11 38 330 
5p) AoE et 18 680 
18 | 143-17 7 | 103-114 67 250 
4I 300 
26 360 
19 800 
22 | 144-164 || Rie= nay | wag 210 
74 360 
| 39 | 590 
25 | I1g-122 21 = 
8 | rod-114 | 61 270 
25 360 
26 164-12 Ir | 153-163 | 61 240 
25 360 
ry | TOK 
26. \eie 16 P2)| COs 174 a7 370 
22 | Io -11 160 75 
27 | 10 —-11 86 150 
22 | 114-13 140 190 
December 6 102-114 56 380 
26 380 
| 28 | 114-13 130 140 
7 | 104-13 45 490 
23 430 
28 | 144-16 120 200 
45 300 
s 330 
1S Sar I ax 
ofan! 28 | 164-172 | 110 180 
49 | 400 
Ta e222, 27 f3C 
13 | 104-123 March 5} 10 -11} | 28 200 
17 520 
~{62 y) = 
a ee j IZ | II -13 50 200 
t- 35) 390 
15 | 104-13 - oe 
13 (efoto) 
20 | 10 -114 84. 230 
22 elt 3 45 230 
27 450 
16 530 
29 | 104-13 | 220 12 749 
120 
39 
26 
30 | IO —-I1 126 


1020 A. R. Hogg 


§5. DISCUSSION OF OBSERVATIONS 


(a) Relations between mobility and humidity. The main evidence in favour of 
regarding the observed discontinuities in the {p, V} curves as being due to in- 
dividual ion species, comes from a consideration of the value of V,/V,. Theory 
requires this to be equal to (C,+C,)/C,, equation (5). The results showed that 
V,/V, averaged 1-32, independently of V,, whilst (C,+C,)/C, was 1-26. Processes 
such as diffusion would tend to make V,/V, greater than the theoretical value. 
The fact that the mobility results were repeatable, even with different air-flows, 
also indicates that the discontinuities were not the result of chance. 

The ions examined in this investigation represent a fraction of the Aitken nuclei of 
condensation. The Aitken nuclei are generally regarded as being droplets of solutions 
of hygroscopic substances suspended in the atmosphere. A droplet of hygroscopic 
solution, when placed in humid air, will tend to a condition where its partial 


0 200 400 600 800 
Volts 


Figure 3. Typical experimental curve. 


pressure of water vapour will be equal to the partial pressure of the water vapour 
in the air. This concept has been applied by Kéhler®, developed by Wright, 
and finds some experimental support from Scrase’s observations”) of the relations 
between charged and uncharged nuclei and the atmospheric humidity. It follows 
that, at constant temperature, a droplet containing a given quantity of solute can 
assume a whole series of sizes, dependent, znter alia, upon the partial pressure of 
water vapour in the air. If such a droplet becomes charged (as for example by 
the absorption of a gas ion from the air), it will give rise to an ion the mobility of 
which will vary continuously with the humidity. From the mobility it is possible 
to calculate the radius of the ion; then if the composition of the solute, together 
with various physical properties of the solution, and the temperature and humidity 
of the air be known, the quantity of the solute in the droplet may be obtained. 
Whilst the composition of the solute was not known for certain, various con- 
siderations made it appear likely that the ions in this investigation were composed 
principally of sulphuric acid droplets. Thus, the total concentration of the ions N 
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varies diurnally in a manner which can be largely accounted for in terms of atmo- 
spheric turbulence, and the extent of domestic combustion processes (see table 2). 
Sulphuric acid is amongst the products of combustion of such sulphur-containing 
fuels as are frequently used in domestic activities; moreover Wright", using 
unpublished data by Coste and Courtier, indicates that sulphuric acid is present in 
London air to an extent which would account for all the nuclei present. Although 
the spraying of sea water can give rise to nuclei, it is unlikely that any notable 
proportion of the nuclei at Kew is of marine origin. Thus Parkinson” gives the 
total nucleus-content of ocean air as a few hundred per cm’, whilst at Kew the 
nuclei amount to an average of 30,000 per cm? Wright and Coste" have indicated 
oxides of nitrogen in aqueous solution as a possible constituent of nuclei, but as 
the physical properties of sulphuric acid are much better known than those of 
unstable nitrous solutions, it was thought desirable initially to treat the nuclei as 
being composed of sulphuric acid. 


Table 2. Diurnal variation of total positive ions at Kew 


(hr.) oI 03 | o5 | 07 og | II 


3 fs |x| x9 | 2 | 23 
| | 


IN (cm-*) | ror | 8-4 | 8-6 | 9°7 | 10°2 | 7°5 


G.m.t. | | | | 
| 
| TIBI) 3< THO 


8:0 | 8-4 | 9:6 | 14°5 | 16:2 


_ This table represents the means of seven complete days of continuous observations made 
in April and May 1938. 


In the present investigation the radius r of an ion was obtained from its mobility 

W by the use of Thomson’s expression in the numerical form 
W=(1+10-*/r)/(2-15 x 10° r), 

whilst the quantity of solute in the droplet was derived by a method due to Wright. 
In preference to employing the generalized equations given by Wright”, use was 
made of the actual vapour pressures, densities, and surface tensions of sulphuric- 
acid solutions as set out in the International Critical Tables. ‘The calculations 
required a knowledge of the charge on the ions. This has been shown to be equal 
to the charge on the electron™ for ions in this range of mobilities. On the basis of 
the above considerations isothermals were drawn showing the relation between 
humidity and mobility for ions containing various quantities of sulphuric acid. 
The quantity of acid has been expressed in terms of 7), the radius of the droplet of 
pure sulphuric acid which can be considered as having given rise to the nucleus by 
the absorption of water vapour. An example of one set of such isothermal curves 
is shown in figure 4. From these isothermals, and the knowledge of the vapour 
pressure and temperature obtaining during the measurements, it was possible to 
draw a curve for each observation period showing, for the particular hygrometric 
state of the atmosphere obtaining at the time, the relationship between 7) and 
mobility. These curves were then used to obtain values of 7) from the measured 
mobilities. 

Values of 7 were obtained for the mobilities W of the ions detected on each 
occasion, and a graph of W against 7) was constructed, figure 5. Figure 5 shows 
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that, whilst the values of W are fairly evenly distributed, there are notable gaps in 
the distribution of 7). Various values of W are associated with a relatively few 
particular values of 7), which are denoted by horizontal lines. This is especially 
noticeable with the smaller values of 7); as higher values of 7) are reached, they 
fall so closely together that it is difficult to deduce any preferred values. For this 
reason twenty observations for which 7)>107* have been excluded from the 
diagram. There have been omitted also two observations which both gave 
W=220 x 10-4 and r,=29 x 10-7, and which were regarded as being insufficient 
to establish another preferred value for 7). Apart from the above-mentioned ex- 
ceptions, figure 5 contains all the satisfactory observations of W and 7. . From 


Pressure (mm. mercury) 
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W (10-4 cm. sec.+/v. cm") 


Figure 4. Isothermal curves for a sulphuric acid ion for which 77=9°5 x 10-7 cm. showing 
the variation of mobility with humidity. 


figure 5 it may be seen that, as a whole, the ions investigated show no tendency to 
fall into groups on a mobility basis. On the other hand, the figures for 7, show a 
definite tendency to be represented by relatively few values. 

In figure 6 the cubes of the preferred values of 7) are plotted against the series 
of numbers g,"=1, 2, 3, ...,m. A straight line may be drawn through the points. 
Thus it would appear that the ry groups observed have arisen, directly or indirectly, 
from the agglomeration of primary particles with values of 7) equal to 3-6 x 10-7 cm., 
corresponding to about 2200 molecules of sulphuric acid. The value of g may be 
regarded as an aggregation factor, giving the number of primary particles going to 
make up the ion with which it is associated. This value will sometimes be used in 
the sequel to designate a particular kind of ion more or less irrespective of its 
mobility. There is perhaps some doubt as to whether the particle with 7, equal to 
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3°6 x 10-7 cm. is actually the unit, or whether it might not be built up from two 
2-9 x 1077 cm. particles; the latter is the size mentioned as having been excluded 
from the diagram, and (3-6/2-9)3=1-92; but the remaining particles apparently 
differ by steps corresponding to the volume of the 3-6 x 10-7 particle. There is 
available no exact numerical information as to the dynamics of the combination 


19 (cm. X 107") 
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Figure 5. Curves showing the relation between ion-mobility and the radius of the droplet of pure 
sulphuric acid from which the ion may be considered as having been derived. 
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Figure 6. Curve illustrating the growth of ions by agglomeration. 


of the particles, but certain approximate calculations show that such combination 
could occur at a rate sufficiently large to account for the measured ionic concen- 
trations. Thus, if it be assumed that positive and negative ions are present in equal 
concentration, then their rate of mutual combination will be proportional to the 
square of the ionic concentrations. The constant of proper onality k will be some- 
where between that for small ions, viz. 1-6 x 10~° (Thirkhill’), and the approxi- 
mate average value for large ions, viz. 1°7 x 107* (Hogg™). If some such value as 
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k=2x 10-7 be assumed, and the time ¢ taken for the ionic concentration to fall 
from an initial value N, to a value N be calculated from the usual equation 
t=(1/N—1/N,)/k, then it is seen that with Ny=10°, 99 per cent of the original 
particles will have combined in less than 13 hr. 

In examining the individual observations, two points worthy of notice occur. 
First, the smallest values of r, observed on particular occasions often correspond 
to the existence of relatively complex aggregates, e.g. the smallest value of g 
observed on certain occasions may be as much as 6. Thus it would appear that, 
sometimes, presumably when dealing with well aged ions, the smaller nuclei have 
combined with each other to such an extent as to have become undetectable. Such 
a diminution in concentration is not unlikely from the considerations of the previous 
paragraph. Secondly, although it might be expected that, with a uniform source of 
ions, mobilities corresponding to the successive values of g would be detected, gaps 
in the series were often observed. This might be attributed to the variable nature of 
the ionization. Thus there may arrive at the place of observation air containing only 
the largest ions from a distant source, the smaller size having effectively disappeared 
by mutual combination. This air, in the course of its journey, may pass over a 
source of ions so near to the point of observation that these ions have not had time 
to combine to form many of the larger ions, and thus they would be observed as 
smaller ions only. Thus, the air at the point of observation may be in an apparently 
steady state of ionization and yet show gaps in the g series. It may be noted that 
inability to detect a group does not mean the complete absence of ions in that 
group. The minimum detectable concentration for a group of ions varies con- 
siderably with the total ion content. For the present apparatus and working con- 
ditions, the figure may be placed at from 100 to 400 per cm? Another factor which 
might conceivably result in the failure to observe successive groups is that one 
series of observations does not necessarily give a complete instantaneous picture of 
the ion population. he determination of the observational curve for a whole series 
of groups may occupy 2 hr. or more, but the delineation of the critical portion 
corresponding to a single group is usually a matter of minutes. With mixtures of 
ions one group, especially if present in relatively small quantity, might, over a 
short interval, fall in concentration to an undetectable amount, without apparently 
influencing the results obtained at other parts of the curve. Such changes were 
sometimes observed, e.g. on 13 November 1937, an observation centred at 1030 
showed no detectable ions of mobility greater than 0-005, whilst about half an hour 
later, without any essential change of wind direction, an ion of mobility 0-0072 (not 
included in table 1) was suspected. 

The relations between the three factors which determine the mobility of the 
ions in the present investigation, viz. the agglomeration factor g, the atmospheric 
temperature 7’, and the partial pressure of atmospheric water-vapour p,,, are shown 
in figure 7. Each of the points in this figure was obtained from the experimental 
results, and the curves show the manner in which the mobilities of the ions of 
g=1, 2 and 3 vary with 7, when placed in an atmosphere for which p,, is constant. 
The observations were not sufficiently numerous to admit of many points with 
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identical Pw» being obtained, so for constructing the curves a tolerance of +5 per 
cent in p,, was given. Even with this allowance, it has not been possible to include 
more than a small fraction of the total observations in the diagram. From figure 7, 
the essential features governing the mobility of the ions may be seen. Thus, other 


things being equal, the mobility decreases with an increase of g, or of p,,, or witha 
decrease of 7. 
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Figure 7. Variation of mobility with temperature for constant g and water-vapour pressure p,,). 
The figures adjoining the curves are values of p,, in millimetres of mercury. 


Table 3. Average concentrations of the ions in the various size groups 


ees ie | Za 23 4 5 6 7 8 
N, (cm?) 260 | 320 | 480 560 410 780 770 320 
Obs. gp | - Bee ||— ae 8 II 12 4 3 
g On| TO, | me Wl 12 13 14 15 >15 
N, (cm?) 920 goo | 520 470 600 570 640 II00 
Obs. 3 | Z| 4 3 | I 3 Df 12 


(6) Concentration of the ton groups. If it be supposed that the g=1 group of 
ions be introduced into the atmosphere at a constant rate, and that the ions of the 
largest group be removed at the same constant rate, then the concentrations of the 
intermediate groups may be expected to assume certain equilibrium concentrations. 
The exact formulation of the equilibrium condition leads to cumbersome ex- 
pressions. It can be seen, however, that the smaller ions, on account of their 
greater mobilities, would tend to have large coefficients of mutual combination. 
Thus, in a general fashion, it might be expected that in such a hypothetical case the 
concentration of ions will increase from group to group as g increases. The average 
figures of the concentration N, of the ions of the successive groups g=I, ... 15, 
as experimentally obtained, are shown in table 3. The figures have no great theo- 
retical significance, but there appears to be a tendency for N, to increase with g 
in accordance with the above considerations. 
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DISCUSSION 


Dr F. J. W. Wuiprte. I am glad that the Physical Society is publishing this 
account of one of the two investigations of fundamental importance which Mr 
Hogg carried out during the short period, of less than a year, which he spent at 
Kew Observatory. The report on the other investigation, which has resolved a 
bafHing paradox and reconciled two methods of estimating the air-earth current, 
has already appeared* in Australia. 

The beautiful piece of apparatus used by Mr Hogg for the work described here 
was constructed in Canberra and brought over to England in the expectation that 
intermediate ions would be numerous in the neighbourhood of London. It appears 
that this is the first time that the ionization ‘spectrum’ has been investigated in 
this country. That it is so definitely a sharp line spectrum is a matter of great 
interest. 

In a recent paper t by H. L. Wright it is established that the great majority of the 
Aitken nuclei in urban air are so small that their presence does not affect the visi- 
bility of distant objects; the nuclei on which condensation occurs to such an extent 
as to produce cloud and fog are of sea-salt. These large nuclei shrink as relative 


* Hogg, A. R., Commonwealth Solar Obs. Mem. 7, 1939. 
t Wright, H. L., Quart. ¥.R. Met. Soc. 65, 411-439, 1939. 
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humidity decreases from roo per cent to 75 per cent, but only slightly thereafter, 
so that variations of humidity below 70 do not affect visibility appreciably in fine 
weather. On the other hand, Hogg’s work on mobility indicates that the inter- 
mediate ions are sensitive to humidity at any rate down to 4o per cent. This is in 
accordance with the idea that the hygroscopic action is due to acid. It is reasonable 
that nuclei formed by the evaporation of droplets of sea spray should be larger than 
those formed by the combination of the atmospheric gases, oxygen and nitrogen, 
under the influence of heat. 

There has been evidence for a long while that sea-salt nuclei tend to occur in 
sizes which suggest that they are aggregates of units of standard weight. This has 
been maintained stoutly by Kohler, in spite of the difficulty of formulating any 
theory. Now Hogg is demonstrating that similar rules hold with the nuclei of 
intermediate ions. Atmospheric electricity revolutionized physics by the discovery 
of penetrating radiation. Is chemistry to be revolutionized by the discovery of 
quanta of molecular aggregation? 
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AN ACCURATE HARD-VALVE COUNTER 
CHRONOGRAPH 


By F. L. UFFELMANN, M.Sc. 


Received 6 May 1939 


ABSTRACT. A 1o-unit scale-of-two circuit is used to count the number of periods of a 
100-kc./sec. crystal-controlled oscillator in the required time interval. The result is given 
instantly, correct to one period of the oscillator; the maximum error is 10~° sec. 


error of 1/12,000 sec., based on a thyratron scale-of-two counting circuit. The 

counting speed of the thyratron circuit is restricted by the deionization time of 
the gas contained in the thyratron to about 20 kc./sec., and if higher counting 
speeds are required resort has to be had to hard-valve circuits. The present paper is 
a description of an improved counter chronograph, of maximum error 107° sec., 
based on hard-valve scale-of-two counting circuits. 

Hard-valve scale-of-two circuits have been developed by Lewis, Stevenson 
and Getting®, Lifschutz and Lawson”, Alfvén’, and Reich, the circuit 
developed by Alfvén being identical with that of Lifschutz and Lawson. The 
circuits devised by these authors all involve the same principle, that of resistance 
cross-coupling between two valves. For such circuits there are two separate states 
of equilibrium in which one valve is conducting and the other non-conducting. A 
change from one state to the other is obtained by the application of a single impulse 
to the grid system. 

The circuit due to Stevenson and Getting, figure 1, is sensitive to positive 
impulses only, but makes use of four pentode valves per unit. The circuit due to 
Lifschutz and Lawson, figure 2, uses two triode valves A, B per unit, but is 
sensitive to both positive and negative impulses, and hence needs a third triode 
valve D to act as rectifier between units. The circuit due to Reich, figure 3, uses two 
pentode valves per unit and responds to negative impulses only. An impulse of 
less than half a volt is required to operate it. The circuit due to Lewis (not shown) 
is complicated by the use of inductances, and was not considered. 

Upon test the circuits due to Stevenson and Getting, Lifschutz and Lawson, 
and Reich were all found to respond to a frequency of 150 kc./sec. Circuits of the 
first two mentioned types have been incorporated in the counter chronograph 
described. 

The counting units. Figure 4 is a circuit diagram of the complete chronograph. 
The chosen input frequency of 100 kc./sec. is fed to the first counting unit Uj. 


I: a previous paper“? is given an account of a chronograph, with a maximum 
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R,R,'R,R;' R, 100,000 Q.; RR, 300,000 Q.; RR,’ 500,000 Q.; 
C,C,' 0-00025 ur.; C,0-000025 ur.; V Pentodetype57. 
[Screen grid at 90 v.; suppressor grid at earth] 


\ 
G 75 Watt neon lamps 


Figure 1 


o+350v. 


Ry ¢, 
‘alm 


To next stage 


80-120V. 30-60 Vv. 


R, 20,0009.; R,30,0009.; R,50,0002.; R, 100,000. ; 
R,400,0002.; C,0-000025ur.; V 6C5. 


Figure 2 


To 2nd stage 


R, 5,000.; R,50,0002.; R; 55,000 2; 
R, 250,0002.; C50pupr.; V Pentode type 57 


Figure 3 


1030 F. L. Uffelmann 


This is scaled down by the ten units U, to Ujg, in the ratio 1024 to 1, and is then 
fed to a high-speed Cenco counter CC.* The input frequency to the Cenco counter 
is 97°7 c./sec. which is well within its capabilities (200 c./sec.)™. 

The counting units U, to Uy) are of the Lifschutz and Lawson pattern, each 
using one 6N7 double triode in place of two separate triodes A, B, figure 2. The 
6C5 rectifier triode D, figure 2, is retained, as it was found to insure correct 
starting and stopping conditions for the succeeding unit. From unit U, to unit Uj) 
the values of the capacities C,, C,, and C, are progressively increased in size. The 
values found by experiment to give good rectangular wave-forms throughout are 
given in the diagram, figure 4. 

Unit U, is of the Stevenson and Getting type, two 6N7 double triodes taking 
the place of four pentodes. A unit of the Lifschutz and Lawson type would be 
unsatisfactory in this position, since it would be difficult to arrange for the input 
from the 100-kc./sec. oscillator to be admitted or blocked off by an operating unit 
Such as 

The operating unit. The operating unit U, is of the Lifschutz and Lawson 
pattern. The potential of the grids of the double triode Y of the unit U, is con- 
trolled from a tapping of the bias resistance of the G, grid of U,. Initially current is 
flowing in the P, plate circuit of U,, no current is flowing in the P, circuit, G, is 
at a negative potential, and the grids of Y are held at a potential sufficiently negative 
to prevent U, from being operated by the oscillator input. A positive impulse 
applied to the G, grid of U, cuts off the current in the P, plate circuit and transfers 
it to the P, plate circuit. At the same time the potential of the grid G, is made 
suddenly positive, and the potential of the grids of Y is made positive enough for 
the unit U, to be operated by the oscillator input. A positive impulse now applied 
to the G, grid of U,) restores the initial state, and U, is again unaffected by the 
oscillator input. The extreme rapidity of the change-over of plate currents in this 
type of unit insures that the bias change to the grids of Y is of rectangular wave- 
form. The potential of the grids of Y is always sufficiently negative to prevent the 


flow of plate currents in Y when the oscillator is disconnected. If this were not so_ 


the starting and stopping impulses would be counted in addition to the oscillator 
impulses. 

The control-impulse system. This is the same as that employed in the thyratron 
counter chronograph”. The starting impulse is generated upon contact at K, 
or “screen 1”’, when the condenser C is discharged through the resistance R, and 
is transmitted to G, by the condenser C,. Similarly the stopping impulse is 
generated upon contact at K,, or “‘screen 2”. The impulse condensers C are 
charged at +83 v. by means of the multiple-setting switch SS. If it is required 
to compensate for any leakage the condensers C may be left charged through two 
one-megohm resistances R, by means of the double pole switch S. 

The high-tension supply. The high-tension supply of 500 v. is taken from the 
valve rectifier V,. The double triode X has been introduced to balance out a drop 
of 40 v. which would otherwise occur when the circuit commences counting. The 


* Manufactured by the Central Scientific Co. of Chicago. 
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grids of X are connected by a resistance to the G, grid of Uy. The bias provided 
by G, when the circuit is counting prevents the flow of plate current in X. When 
the circuit is not counting, however, the now positive bias of G, insures that X is 
carrying its full saturation current, and adjustment of the anode resistance K, to 
6500 ohms was found to maintain the high-tension constant at 500 V. 

The bias supply. The grid bias is taken from the valve rectifier V;. A common 
bias GB 2 of —100 v. for the units U, to U,,) is taken from the potentiometer Rs. 
A common bias GB 4 of —4o v. for the inter-unit rectifier valves is taken from a 
separate potentiometer R, Ry, while a separate adjustment of bias GB 1 is provided 
for the triode operating the Cenco counter CC. 

The units U, to Uj» are set successively by the application of a negative bias of 
about — 40 v. to one grid of each unit. ‘This is done with the multiple setting switch 
SS. 

The oscillator. he 100 kc./sec. oscillator is controlled by a quartz crystal. For 
the measurement of short time-intervals (up to o-1 sec.), for which the apparatus 
finds its chief use, the {frequency, temperature} correction of 5 parts per million 
per 8° F. is always negligible. The oscillator input to the apparatus is not critical, 
and correct operation is obtained with from 10 to 30 V. r.m.s. 

Power. The apparatus operates entirely from an a.-c. supply, and needs no 
subsidiary batteries. It consumes 300 W. without the oscillator, which consumes 
25 w. The chronograph is not sensitive to the power input potential, which may 
vary by ro per cent from the mean value without affecting the correct operation of 
the counter circuits. The oscillator output potential, however, is sensitive to 
variation in the power potential, and care has to be taken to keep it within the 
stated range. Trouble is thus avoided by the use of a voltage regulator to control 
the complete power supply. 

The method of reading. A neon-lamp indicator is connected to each unit. The 
ten lamps corresponding to the counting units U, to U;) are mounted together on 
the front of the instrument, and show through windows numbered in transparencies 
in two groups of five, 1-5, 1-5 respectively. Each of these lamps has a definite 
counting significance I, 2, 4, ... 256, 512 respectively, and the Cenco counter has 
a significance of 1024 per division. The method of use is to operate the multiple 
setting switch S\S, after which all neon lamps except that connected to the unit U, 
will be extinguished. Successive contacts are now made at screen 1 and screen 2. 
The time interval between the two contacts is represented by the combination of 
the lighted neon lamps and the difference in reading of the Cenco counter. Refer- 
ence to a suitably constructed table gives the time interval directly. 

Test of apparatus. The correct working of the apparatus has been checked by 
means of a triple-element cathode-ray oscillograph with a high-speed rotating- 
drum camera. Records of successive units taken two at a time from the units U; 
to Uj», together with the starting and stopping impulses, supplied by the operation 
of a telephone selector switch, showed that all units were operating correctly with 
good rectangular wave form. The number of periods counted from records of U, 
always agreed with that indicated by the neon lamps and the Cenco counter. 
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Records of U, and the control impulses also showed that the maximum error of the 
apparatus is one period of the oscillator, i.e. 107° sec. 

Higher input frequencies may be used if greater accuracy is required. Tests 
have been made at 150 kc./sec., when the Cenco counter responds correctly at 
146°5 c./sec. 

Use of the apparatus. The apparatus has been designed primarily for the rapid 
and accurate measurement of time intervals up to o-1 sec., but is equally suitable 
for longer time intervals. If preferred, photoelectric operation can be used instead 
of operation by contact. The impulse condensers C are then discharged by thyratrons 
of the 885 type. 


REFERENCES 


(1) Urretmann, F. L. F. Sci. Instrum. 15, 222 (1938). 

(2) Lewis, W. B. Proc. Camb. Phil. Soc. 33, 549 (1937). 

(3) STEVENSON, E. C. and Gertine, I. A. Rev. Sci. Instrum. 8, 414 (1937). 
(4) Lirscnuutz, H. and Lawson, J. L. Rev. Sci. Instrum. 9, 83 (1938). 

(5) ALFVEN, H. Proc. Phys. Soc. 50, 358 (1938). 

(6) Reicu, H. J. Rev. Sci. Instrum. 9, 222 (1938). 

(7) LirscnHutz, H. Rev. Sci. Instrum. 10, 21 (1939). 

(8) SHEPHERD and Haxsy. Rev. Sci. Instrum. 7, 425 (1936). 


66 
PHYS. SOC. LI, 6 


1034 


AN ACHROMATIC OBJECTIVE FOR USE IN 
ULTRAVIOLET MICROSCOPY 


By B. K. JOHNSON 
Imperial College of Science and ‘Technology 


Received 19 Fune 1939 


ABSTRACT. The design of a low-power achromatic microscope objective for use in 
the ultraviolet region is described. By employing lithium fluoride combined with fused 
quartz, achromatism of the lens system is obtained for a considerable range of the visible 
and ultraviolet spectrum. This greatly facilitates the technique of ultraviolet microscopy, 
for it is only necessary to focus the object in visible light and the ultraviolet will be simul- 
taneously in focus. The use of certain ultraviolet filters with a modern high-pressure 
mercury-vapour lamp is also discussed. 


Sa UN DRO DU CilOIN 


In a letter to Nature the writer has mentioned the design of a microscope 


objective composed of lithium fluoride™ and fused quartz, which was to be | 
achromatic over a considerable range of the visible and ultra-violet spectrum. This 
objective has now been made by Messrs W. Watson and Sons, Ltd. in accordance | 
with the design and has been tested. The results form the subject of this paper. — 


2, LHE DESIGN 


The primary consideration in the design was an attempt to produce a lens 
system which could be used for focusing the object in visible light, such as that | 
corresponding to the mercury line 5461 a., and which would have precisely the | 
same focus for one or more ultraviolet wave-lengths. hus the necessity of finding | 
the ‘ultraviolet photographic focus (hitherto an inherent difficulty with mono- | 
chromats) would be entirely eliminated and the technique of ultraviolet microscopy | 
greatly simplified. In such an attempt it was considered advisable to confine the | 
design to a low-power objective, and therefore nothing more ambitious than a 
nominal 25-mm. focal length with numerical aperture 0-20 was decided on. The 
optical design was carried out by the usual Conrady methods, namely a solution | 
by algebraic approximations for the chromatic aberration, spherical aberration, and | 
coma as given by various bendings of the lens system, followed by strict trigono- | 
metrical ray-tracing. As the optical constants of lithium fluoride may not be 
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familiar to some readers, they are set out, together with those of fused quartz, in 
the following table: 


Wave-! P 
ave-length (a.) oNeeea 
5461 | 4048 | 2749 | 2313 | Nevso— Noses 
Lithium fluoride I°3929 | 1:3983 1°4128 1°4244 20°0 
Fused quartz | 1°4602 | 1°4697 1°4961 I°5194 Migr 


It was decided to achromatize the lens system for wave-lengths 5461 and 2749 A. 
and to correct the spherical aberration for the latter wave-length. The calculations 
by the analytical method give the following values for spherical aberration and coma 
for various shapes of the lens system: 


Curvature of contact surface. 1/75 | —o-10 | Ons —0'20 — 0°25 — 0°30 
Spherical aberration | +0:330 | +o-o1r5 | —o-155 | —o-181 | —0-062 
Coma | +0:0048 | +0:003I | +0:0014 | —0:0003 | —o-0021 


If the parabola for spherical aberration is plotted simultaneously with the coma 
curve, two solutions will be found for zero spherical aberration, but they have a 
coma value outside the permissible tolerance. By allowing full tolerance to the 
spherical aberration, however, the coma can be reduced to a value nearly within 
the tolerance (namely +0-0025). The most suitable solution chosen from these 
graphs is used as a basis for the trigonometrical tests. The ray-tracing procedure 
was that usually adopted for microscope objectives, namely that of tracing from the 
long conjugate distance to the short conjugate distance. The optical tube-length is 
160 mm. and the primary magnification 6-4. 
The final solution gives a lens system of the following specification: 
t,=7F-037 mm., 7,=7,=6-372 mm., 7,= 1887 mm., 

where 7, is the radius nearest the image, 7, and 7, are the contact radius, and 7, is 
the radius nearest the object. Radii 7, and r, refer to the lithium fluoride lens and 
rz and r, to the lens of fused quartz. Their respective axial thicknesses are 4:0 and 
2:0 mm. A thin film of glycerine may be used between the contact surfaces. As 7, 
is such a long radius, a plane surface may be substituted for the sphere without 
appreciable effect on the aberrations; this also simplifies the optical manufacture. 
There is no particular difficulty in producing optically worked surfaces in lithium 
fluoride, but it may be of interest to record that magnesium oxide acts rather better 
than rouge as a polishing medium. 

Ray-tracing tests of the chromatic aberration gave a residual value of — 0-008 mm. 
for 5461 and 2749 A. The tolerance +A/N? sin? U1, is £00194 mm. Other wave- 
lengths were tested trigonometrically, namely 4861, 4048 and 3651 A., and it was 
found that the residuals were all within their respective tolerances. Figure 1 shows 
these values plotted; it illustrates the exceptionally small secondary spectrum 
obtainable when lithium fluoride is used together with fused quartz, and the 


consequent suitability of a combination of these two materials in an achromatic lens. 
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It will be seen from the foregoing that as regards colour-correction, this lens is 
in effect apochromatic, although according to Abbe’s original definition of the 
term® such a lens must be spherically corrected for two wave-lengths in addition 
to being chromatically corrected for three wave-lengths. Nevertheless, whilst this 
lens is spherically corrected for one wave-length only, it is chromatically corrected 
over a greater range of wave-lengths than previously known apochromatic lenses. 
This is due primarily to the small dispersion values of the newly introduced lithium 
fluoride and of fused quartz. 

6000 


Wave-length (a.) 


Chrom, abn. 


(mm.) 


Tolerances 


oN mm. 
5461 00383 
4861 00357 
4048 0:0284 
3651 0-0258 
2749 00194 
2313 0-0163 


Figure 1. Chromatic aberration curve for lithium fluoride, fused quartz, objective 


The practical importance of the results shown in figure 1 is considerable, for it 
means firstly that no focusing adjustment of the microscope is necessary when the 
change from visual illumination to ultraviolet illumination is made, and secondly 
that a substantial range of ultraviolet wave-lengths may be employed without 
seriously affecting the definition of the image. The latter fact enables a much greater 
intensity of illumination than was hitherto practicable to be used with the ultraviolet 
microscope, with a consequent reduction in exposure of the photographic plate. 
In fact it has now been found possible to see the ultraviolet image on a fluorescent 
screen placed in the plane of the plate, whereas previously the low luminosities 
entirely precluded this. 


$2 ee iS 
The preliminary tests consisted in (1) the determination of the correct tube- 


length, an artificial star in the form of a silver-film slide being used as object, and 
(2) a numerical test of the resolving power. The latter, as measured by a method 
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already described, had a value of 1-12 2. The theoretical resolving-power of this 
lens system for 2749 A. is 0-82 w., and the necessary magnification for photomicro- 
graphic work is x 61. 

The test for chromatic aberration was then made. For this purpose, the objective 
was focused on a thin* flat object, actually a silver film on a quartz slide, and 
monochromatic green light of wave-length 5461 A. was used. By means of a 
quartz monochromator placed in front of the microscope, light of wave-lengths 
4358, 3650 and 2749 A. was brought in turn on to the substage condenser; and 
without the fine adjustment being touched in any way, photographs were taken. 
The first four pictures (from left to right) in figure 2 show the result, and the 
sharpness of the image in each case indicates that the focus has not changed 
appreciably. As a matter of interest, wave-length 2313 A. was also used, still without 
alteration of the fine adjustment, and a photograph (the last picture on right of 
figure 2) was taken; this is definitely out of focus, as is to be expected from the 
curve in figure 1. If, however, a slight focusing adjustment was made, the definition 
given by the lens at 2313 A. was still quite satisfactory. For those who are more 
familiar with definition tests in which natural objects are used, a frequently used 
test object for low-power objectives (namely the proboscis of the blow fly mounted 
on a quartz slide) has been photographed, figure 3, with the lens at 2749 a. Some 
idea of the definition achieved can be obtained from this, although the less interesting 
silver-film object is really a better test object. 

As has already been mentioned, the almost apochromatic nature of this lens 
system lends itself to the use of a considerable spectral range for illumination 
purposes, and consequently we may combine the ultraviolet spectrum between 4000 
and 2500 A., by methods which will be indicated later, and we thus obtain a resultant 
increase in luminosity of the image. This fact is of particular interest at the lower 
end of the ultraviolet spectrum (i.e. the region 2000 A.) where intensities are generally 
much lower; for one can combine a group of lines (e.g. the cadmium group 2313, 
2265, 2195, 2144; the zinc group 2138, 2100, 2062, 2026; or the aluminium group 
2094, 1990, 1863, 1855) and still maintain good definition whilst having available 
a much greater intensity of illumination than has hitherto been attainable with other 
lens systems in the ultraviolet region. 


§4. ILLUMINATION SYSTEMS 


Two methods may be employed for combining the whole or individual parts of 
the ultraviolet spectrum for use in the microscope. The first is the use of a mono- 
-chromator arranged as in figure 4, in which a slightly dispersed ultraviolet spectrum 
is formed at S; a quartz lens L, then projects a reduced image of L, on to the 
substage condenser. By the placing of narrow opaque strips in the spectrum at 5, 
or by movement of the monochromator, any desired part of the spectrum may be 
removed, while the remaining part will be transmitted and be finally combined by 
the lens L, in the microscope. 


* That is, thin compared with the depth of focus of the objective. 
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Alternatively, an ultraviolet source of light of high intrinsic brightness may be 
used together with suitable ultraviolet filters, which are now available. A convenient 
source is one of the modern high-pressure mercury-vapour lamps.” ‘Whe use of 
filters with an ultraviolet lamp is only possible because the lens is chromatically 
corrected for a considerable range of wave-lengths, and because of a recent process 
devised by R. W. Pohl ® which enables such ultraviolet filters to be made. By 
raising certain crystals to a suitable temperature and then subjecting them to 
electronic bombardment, it is possible to produce selective absorption in certain 
parts of the spectrum. R. W. S. Garton, of the Imperial College of Science and 
Technology, has reproduced some of Pohl’s methods, and I am indebted to him 
for providing me with a potassium-chloride crystal which has been treated 
accordingly. 
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Figure 4 


In this connexion the transmission characteristics of certain filters available for 
ultraviolet work may be of interest. Figure 5 shows a number of these. 


Thickness (mm.) ‘Transmission (A.) 
(a) Wood’s glass II ‘ 4000 to 3100 
(6) Silver on quartz Densely silvered 4400 to 2950 
(c) Treated KCl crystal 3 4000 to 2300 
(d) Carbon disulphide in quartz cell o'5 7000 to 3600 and 
2900 to 2650 
(e) White cellophane 0°32 7000 to 2550 


Photomicrographs have been taken by using the high-pressure mercury lamp 
directly, together with a combination of the various filters set out above and with 
the lens described above, but space does not allow of the reproduction of all of these. 
It was felt, however, that the photograph taken when filters (c) and (e) were used 
together would be of interest, for it represents the normal procedure with this lens, 
namely that of focusing with a glass filter which transmits visual green light and 
then replacing this by a combination of ultraviolet filters (c) and (e). Figure 6 
illustrates the definition obtained when a range of the ultraviolet spectrum, in this 
case from 4000 to 2550 A., is used. 

Obviously by employing filters (c) and (d) a more limited transmission, between 
2900 and 2650, may be obtained if desired. It is hoped that other treated crystals 
may shortly lead to the production of further limited transmissions in the region 
from 2200 to 1850 A. 


* ‘The one employed by the writer was supplied by the General Electric Co. Ltd. and operates 


at 230 volts a.c. with a suitable choke. The external glass envelope was specially removed for the 
purpose in view. 
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§5. CONCLUSIONS 


The claim that the lens system fulfils the purpose for which it was designed has 
been fully justified in practice, and it would appear that the technique of ultraviolet 
microscopy must be simplified by means of the system. It is, of course, desirable 
at this stage that high-power lenses of this type should be designed and made. It 
might be advisable, in future, to achromatize the lens system for the blue end of the 
visible spectrum, instead of for green light, and for some ultraviolet wave-length 
shorter than 2749 A., such as 2400 A. for instance, with the result that the lens might 
be achromatic throughout the entire range from 4000 to 2000 A. 

It will be realized, of course, that both the photomicrographs and the spectro- 
grams lose definition and contrast during the course of reproduction, but the 
negatives are always available for those who wish to see them. 
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OBITUARY N@PIGES 
PROFESSOR FREDERICK JOHN CHESHIRE, C.B.E., A.R.C.S. 


F. J. CHESHIRE was born at Leeds on 8 June 1860. He came to London after 
leaving school with a National Scholarship at the Royal College of Science, and 
obtained the diploma. He also attended classes at the Birkbeck Institute (now 
Birkbeck College). He was for a short time in the works of Greenwood and Batley of 
Leeds. In 1880 he entered the Customs and Excise, but in 1885 he joined the Staff 
of the Patent Office, which two years earlier had undertaken the skilled examination 
of patents instead of their mere registration. As an Assistant Examiner he was con- 
cerned with scientific instruments. In 1915 he realized the importance of the supply 
of scientific instruments in the conduct of the war, and he called on Sir Eric Geddes 
to impress this importance upon him, with the result that Sir Eric obtained his 
transfer to the Ministry of Munitions. There he was made Deputy- Director General 
of the Optical Department. In 1917 he was appointed Director of the Optical 
Engineering Department of the Imperial College, South Kensington, where he 
remained till his retirement in 1925. He was awarded the C.B.E. in 1918. He was 
a great admirer of Abbe and of the Carl Zeiss organization which he visited more 
than once; he contributed three notes on Abbe letters to the Royal Microscopical 
Society. His contact with Zeiss and especially with Prof. von Rohr had convinced 
him of the importance of optical computation, and was no doubt the cause of the 
appointment of Prof. Conradi to the staff of the college to develop that side of the 
teaching—an appointment of great value to the development of the department. He 
was President of the Optical Society from 1916 to 1920 and of the Royal Micro- 
scopical Society in 1922 and 1923. His presidential addresses to the latter were 
upon “The early history of the polariscope and of the polarizing microscope” and 
upon “The design of the petrological microscope”’. 

I first met Cheshire when he was an Examiner in the Patent Office and was 
sharing with F. Boughton the teaching of physics at the Birkbeck Institute, Cheshire 
lecturing on Friday evenings for 2 hours to the elementary students while Boughton 
took the advanced classes on Monday and Wednesday evenings. In those days the 
old Science and Art Department paid on the results of the examinations; £1 for an 
elementary pass, £1. 10s. for an advanced pass and £2 for an honours pass. The 
classes were farmed out to the teachers who took the money gained by the passes 
of their students. After about 1897 the Birkbeck Institute paid a fixed salary to the 
teachers. ‘These lectures were attended by students, both men and women, working 
for degrees, and for other examinations such as those of the Patent Office. Cheshire 
began helping Boughton in 1893 and continued to take the elementary physics up 
to rg1r. ‘The lectures were very fully illustrated by experiments, and Cheshire was 
fertile in ideas for new experiments, especially in sound and light, in which he was 
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always most keenly interested. About 1898 or 1899 he was asked by the London 
County Council to give a short course of about six lectures to men in the Piano 
industry. These were given in the Camden School of Art. Some 80 men attended, 
and after he had made it clear that he did not pretend to know anything of the making 
of a piano, but only of the principles involved, they became very keen. The lectures 
were repeated a second year. The lectures were largely experimental, and illustrated 
by many original experiments carried out with simple apparatus which Cheshire 
devised and made himself. When he took up any subject such as this, Cheshire 
became full of enthusiasm: he thought and talked of it at every opportunity, and 
spared no trouble to make it a success. I remember his giving a lecture on “The 
spheroidal state” at a Conversazione at the Birkbeck Institute, and among the 
experiments both he and his son, then a small boy, ladled molten lead out of a 
plumber’s pot with their naked hands on to the floor; incidentally, he spoilt a new 
pair of trousers by the splashing of the lead on to its legs. Another subject which 
he took up in the same whole-hearted way was that of polarized light. He made and 
bought a lot of special apparatus for it and did many beautiful experiments in his 
lectures. Ata later date at the Imperial College he revived this and lectured on it to 
the minerological students. In his later years he turned his enthusiasm to golf, and 
designed a well-known club that could be specified according to the angle of its 
face. 

In 1886 he married Mary, daughter of Mr George Richardson of Huddersfield. 
They had the son Ralph above referred to, and one daughter. They lived at Carson 
Road, Dulwich, for most of their married life, but about a year ago moved to be near 
their daughter, now married and living at Reading. 

Prof. Cheshire made a number of contributions to the Optical Society and also 
to the Optician, and he wrote a pamphlet upon the optical identification of crystals 
for his students at the Imperial College, but his chief contribution was rather as a 
leader and organizer than as a scientist. His wonderful energy and enthusiasm for 
everything he undertook infected his colleagues and helped in the progress that 
resulted, and it laid the sound foundation of the necessarily small but none the less 


important department which is now in charge of Dr L. C. Martin. 
Re Sins 


MR J. EDGAR CRACKSTON, M.SC. 


His many friends will have heard with deep regret of the death of Mr J. Edgar 
Crackston, lecturer in physics at Cardiff University College since 1923. He had 
nearly completed a year’s residence in America as an exchange lecturer when he 
was overtaken by serious illness and returned home. He died at Penarth on 
August 17, 1939, at the age of 45. 

Mr Crackston entered Liverpool University in October 1914. Eighteen months 
later he left to join the army, and saw active service in France. Returning to 
Liverpool he completed his degree course with first class honours in physics, and 
was awarded an Oliver Lodge Fellowship. For his researches at Liverpool under 
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Prof. Wilberforce (1920-21) and at Cambridge under Prof. Sir J. J. Thomson 
(1921-3) he obtained the M.Sc. degree of both these universities. 

Those who knew him intimately will long remember him for the nobility of his 
character. He set himself a high standard, both in his private life and in his pro- 
fession, and never failed to live up to it. He is survived by a widow. R.T.D. 


SIR FRANK DYSON}ICE IE gr he: 


AsTRONOMY has suffered a great loss by the death of Sir Frank Dyson, ninth 
Astronomer Royal, which occurred on 25 May 1939 whilst he was on a voyage from 
Australia to South Africa. Although primarily devoted to astronomy, he was 
necessarily interested in the numerous applications of physics in modern astronomy, 
and was not only a Fellow of the Physical Society and of the Institute of Physics, but 
served as President of the Institute during the period 1927-9. 

Frank Watson Dyson was the son of the Rev. Watson Dyson, a Baptist minister, 
and was born at Ashby on 8 January 1868. He was educated at Bradford Grammar 
School and Trinity College, Cambridge, and was second wrangler in the Mathe- 
matical tripos in 1889. His subsequent election to one of the Isaac Newton student- 
ships founded by Dr Frank McClean gave him every facility for entering into 
astronomy as a Career. 

In 1894 Dyson was appointed Chief Assistant at the Royal Observatory, Green- 
wich, when Turner had left to become Savilian Professor at Oxford. In 1905 he 
succeeded Copeland as Astronomer Royal for Scotland, and five years later returned 
to Greenwich as Astronomer Royal on the retirement of Sir William Christie. He 
retained this high office until his retirement under the age limit in 1933. 

During his first period at the Royal Observatory, Dyson was closely associated 
with the work on the Greenwich zone of the International Astrographic Chart, and 
with the successful determination of the solar parallax from photographic observa- 
tions of the planet Eros at the opposition of 1900-1. What is generally regarded as 
his most important contribution during this period, however, was a new reduction, 
made in collaboration with Mr Thackeray, of the Groombridge Catalogue of 
Circumpolar Stars, and the consequent determination of the proper motions of 
4250 stars; this provided most valuable data for the discussion of stellar movements. 

Whilst at Edinburgh he took up, among other investigations, the question of 
Star streaming, and showed that Kapteyn’s results were confirmed, especially by 
stars having large proper motions. 

On Dyson’s return to Greenwich in 1910, remarkable progress was made with 
the astrographic catalogue, and a programme of determinations of the parallaxes of 
Stars situated in the Greenwich zone was initiated. It has been said that there is 
probably now no part of the heavens for which our knowledge of the positions, 
proper motions and distances of the stars is so complete as that of this zone, 
extending from +64° to the Pole. Under Dyson’s direction, advantage was taken 
of improvements in instruments and methods of observation, and the work on 
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meridian observations, variation of latitude, double stars, sun spots, terrestrial 
magnetism, stellar photometry and the time service fully upheld the high reputation 
of Greenwich among the observatories of the world. The familiar device of six 
pips adopted for the broadcast time signals was originated by Dyson. 

Whilst Dyson’s energies were mainly devoted to positional astronomy, he made 
substantial contributions to astrophysics by his spectrographic observations during 
total eclipses of the sun, beginning with that in Portugal in 1900. He earned the 
reputation of being capable of controlling the weather on such occasions, having 
made successful observations on each of his five expeditions. His early discussions 
of the flash spectra which he photographed were notable for his confirmation of 
Lockyer and Fowler’s conclusions as to the importance in this connexion of what 
are now recognized as lines of ionized atoms, which had met with considerable 
opposition from several eminent astronomers. A contribution of permanent value 
to the practical and theoretical aspects of eclipse observations is afforded by Dyson 
and Woolley’s book on Eclipses of the Sun and Moon, published in 1937. 

It was Dyson who first pointed out that the total eclipse of May 1919 would 
afford a particularly favourable distribution of stars in the neighbourhood of the sun 
for putting to the test Einstein’s prediction of the deflection of light by the sun’s 
gravitational field. In spite of many difficulties due to the war, he persisted in the 
organization of expeditions to Brazil and Africa, on the chance that it might become 
possible for them to set out when the time arrived. The expeditions were fortunately 
able to proceed and although Dyson himself was unable to accompany either of 
them, his foresight was amply rewarded by the historic verification of Einstein’s 
prediction. 

Dyson took a full share in the general promotion of astronomy at home and 
abroad. He was deeply interested in the organization and welfare of the Inter- 
national Astronomical Union, of which he was President in the years 1928 to 1932; 
and in the affairs of the Royal Astronomical Society, in which he was successively 
Secretary, President and Treasurer. Among other outside activities, he took an 
important part in the establishment of the University of London Observatory at 
Mill Hill; he was chairman of the Board of Management, and the acceptance of the 
fine Oxford 24-in. refractor as a gift from the Radcliffe Trustees was largely due to 
his influential support. 

Dyson was knighted in 1915 and created K.B.E. in 1926. Honorary degrees were 
conferred upon him by the Universities of Cambridge, Oxford, Edinburgh, Leeds, 
Perth, Melbourne, Durham and Toronto. He was elected a Fellow of the Royal 
Society in 1901, and was awarded a Royal Medal by that body in 1921. He received 
the Bruce Gold Medal of the Astronomical Society of the Pacific in 1922 and the 
Gold Medal of the Royal Astronomical Society in 1925. In 1928 he was the first 
recipient of the Gold Medal of the British Horological Institute. He was a Foreign 
Member of the Reale Accademia Lincei and of the American Academy of Arts and 
Science; and a Corresponding Member of the Academy of Sciences, Paris, the 
Bureau des Longitudes, Academy of Sciences, Russia, Royal Academy of Sciences, 
Belgium, and the Spectroscopic Society of Italy. 
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Dyson married Caroline, daughter of Palemon Best, M.D.; she died in 
1937, leaving two sons and six daughters. He was one of the most amiable and 
unselfish of men, and will long be held in affectionate remembrance by all who 


served under him or had the privilege of his friendship. 
A, FOWLER 


MR R. KANTHACK 


RaLpen KanTHack, who died on 12 November 1938, was elected a Fellow of 
the Optical Society in 1924. Born in 1861, the son of the British Consul of 
Para, Brazil, he was educated at Hamburg and Liineberg, and thus acquired that 
deep and colloquial knowledge of German which he later used to such advantage in 
his translation of technical works on his chosen study, optics, both from and into 
German. He had been associated with Zeiss and with Adam Hilger, for the latter of 
whom he prepared the valuable table of refractive indices. His other publications 
included a translation of Heath’s Geometrical Optics, and a Government publication 
on The Theory of Optical Instruments. He leaves a widow. 


LOUIS LOWNDS 


Louis Lownps was born 24 August 1876 at Repton, Derbyshire. At the ex- 
ceptionally early age of 17 he began work as a science teacher in St Andrew’s 
School, Derby, and two years later was appointed an evening lecturer in the 
Municipal ‘Technical College of that city. In June 1897 he gained the Heymann 
Scholarship at University College, Nottingham, where he assisted Dr E. H. Barton 
in his researches on the transmission of electric waves along wires. Meanwhile he 
worked for the B.Sc. degree of the University of London, which he took with 
honours in experimental physics in 1898. In the following year he continued his 
work with Dr Barton, and also carried on research with Dr S. W. Richardson, on 
the magnetic properties of alloys of cast iron and aluminium. These years of research 
impressed the authorities at University College, and in 1899 when it became their 
privilege to recommend an 1851 Exhibition Scholar, Lownds was selected for that 
honour. He elected to hold the scholarship at the Royal University of Berlin, where 
he worked for three years under Prof. E. Warburg. The subject of study assigned 
to him was the experimental examination of the thermomagnetic and thermoelectric 
properties of a single bismuth crystal, which was supplied most kindly by Prof. 
Groth, the distinguished mineralogist of Munich. It is interesting to reflect that 
this study of the properties of a single crystal in contradistinction to those of an 
aggregate of crystals has become in recent years a matter of fresh importance in 
connexion with strength and structure of materials. 

On returning to England in 1902 he was appointed demonstrator of physics at 
the Chelsea Polytechnic, in the department of mathematics and physics under 
Dr W. H. Eccles. Six years later the department was separated, and Dr Eccles took 
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charge of mathematics, leaving physics to Dr Lownds. At the same time the 
laboratory was moved to the new north wing, where an instrument shop with a 
mechanic were added. Dr Lownds now had full charge with his assistants of all the 
classes in experimental work, and he devoted all his energy to teaching students, 
from beginners up to candidates for B.Sc. honours. In 1914, when the world war 
broke out, Dr Lownds gave much time to work for the War Office, and after the 
peace of 1918 he welcomed the large increase in students which arose through the 
demand for training. 

Dr Lownds took a prominent part in the Physics Board of the University of 
London and he acted as examiner in all branches of his subject for many years. He 
was the author of A First Book of Physics, published by Macmillan and Co. He 
joined the Physical Society in 1903, and was a Founder Fellow of the Institute of 
Physics formed in 1920. 

Late in 1937 his health broke down, and in January 1938 he was given sick leave. 
Unfortunately there was no improvement, and he retired at the end of the session. 
He did not live long, and in September 1938 he died at the age of 62. 

Dr Lownds will be remembered by a host of students, both day and evening, for 
his extremely clear teaching. He took pains to illustrate it with lecture demonstra- 
tions wherever possible, and for this purpose he designed and constructed a very 
full set of apparatus. He helped many advanced students to commence research, 
for which his laboratory became well known, and many such students owe a deep 
debt of gratitude to him. 

Sb Sb 


ALFRED WILLIAM PORTER, D.Sc., F.R.S. 
Fellow of University College, London 


ALFRED WILLIAM PoRTER was born on 12 November 1863. After attending 
school he went into an architect’s office; this accounts for the neatness and beauty of 
his diagrams, in which he took justifiable pride. It was thus somewhat later than is 
usual that he took up a scientific career, first studying at Liverpool under Oliver 
Lodge. In 188g he came as a student to University College, London, and took his 
degree of B.Sc. in the University of London. In 1891 he received an appointment 
on the Physics Staff at University College, and he became Assistant Professor in 
1896. In the latter year he was elected a Fellow of University College and in 1911 a 
Fellow of the Royal Society. In 1912 the University made him a Reader in Thermo- 
dynamics, and in 1924 he became Professor in the Department. In 1928, having 
reached the age of 65, he retired with the title of Professor Emeritus. He now gave 
a considerable time to the editorship of the Philosophical Magazine. Latterly the 
decline in health of both mind and body was painfully apparent to those who met 
him often. A fall he had a couple of years ago accelerated, but did not start, this 
failure of health. He had no relations in London, and lately moved to West Kirby 
to be near his own people. He died there shortly after his move on 11 January 1939. 

The above bare record only touches the fringe of Porter’s activities. In the 
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College itself he took an active part in the foundation of the Union and Critical 
Societies. In the University he was for many years Hon. Secretary of the Board of 
Studies in Physics. He was a Founder Fellow of the Institute of Physics and its 
first Hon. Secretary from 1g19 to 1926, President of the Réntgen Society in 1913-14, 
and President of the Faraday Society from 1920 to 1922, of which he was a Founder 
Member. He was Recorder of Section A of the British Association in 1906-12, 
and President of that Section at the Glasgow Meeting of 1928. He accompanied 
the British Association to Australia, and on that occasion he was made a D.Sc. 
of Melbourne University, honoris causa. 

Porter was too much occupied in his academic and other duties to undertake 
much experimental work himself, but he would on occasion indulge in it. Thus, 
when Réntgen first published his discovery of x-rays, he tried all the vacuum bulbs 
in the Department. One of these, with an anticathode, gave sharp images, much in 
advance of anything shown till that time. This was exhibited at a public lecture and 
thus became widely known. Again, his theoretical deductions pointed to the fact 
that a thin layer of a moderate non-conductor of heat might actually lead to the 
cooling of the heated body. This was strikingly illustrated in a uniform platinum 
wire heated to some 800° c. and covered along its length with different thicknesses 
of glass. But his chief work was undoubtedly on the theoretical side. ‘This is not the 
place to enumerate his many papers in dictionaries and periodicals; reference will 
be made only to the books with which his name is connected. In 1903 was published, 
under the names of Foster and Porter, the second edition of a treatise on electricity 
founded on Joubert’s work. This contains much original matter from Porter. In 
1905 he published a book on intermediate mechanics, in which the idea of inertia is 
stressed, rather than that of force. The fifth edition of Preston’s Light (1928) was 
edited by him, while in 1931 Messrs Methuen issued his Monograph on Thermo- 
dynamics, and in 1933 in the same series The Method of Dimensions. 

It is difficult to say in which branch of physics Porter took most interest. As 
some obscurity occurred to him, he would work at it assiduously until satisfied. Thus, 
some thirty years ago, he took up the question of the seat of the electromotive force 
in the Volta effect. This investigation was made use of in his address at Glasgow in 
1928. In later years he had become much interested in capillarity, the more so 
because he was convinced that the anomalous results observed in capillary tubes in 
the neighbourhood of the critical point were due to inadequate corrections for 
pressure and volume, to say nothing of ignorance of the magnitude of these correc- 
tions. Founding his formulae on Bashforth and Adams’s results, however, Porter 
published tables in convenient form enabling all necessary calculations to be made 
for tubes and sessile drops of any diameter. Needless to say, he found that papers 
already published did not give all the data required, nor, in one particular case 
which he was anxious to investigate, was the original apparatus recoverable. 
Thoroughness was perhaps his greatest characteristic. He disliked expressing an 
opinion until he had thought it over at his leisure. Hence the occasional obscurity 
of his answers to students after a lecture; but they were amply rewarded in a day or 
two by having the problem completely worked out. Now and again he would be 
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goaded into an indefensible statement, which he would proceed to defend with all 
the dialectical skill at his command. Then a deprecatory wave of the hand or a merry 
twinkle in his eye would terminate the discussion. He was indefatigable in his 
desire to help researchers in his own or in other departments, and his correspondence 
testified to the help he was able to give. 
Those of us who knew him well will long regret the passing away of one on 
whose advice they could rely. 
N. E. 


FRANK CHARLES WATTS 


Mr FRANK CHARLES WatTTs, Managing Director of E. R. Watts and Son, died 
on 24 March 1939 at the age of 68. He was born in London on 30 October 1870, the 
second son of E. R. Watts, the founder of the well-known firm of surveying- 
instrument makers. 

Frank Watts and his brother George—who later developed a very accurate 
dividing engine—served their time as apprentices in their father’s workshop. In 
those days the hours spent in the factory were long, both boys working from 6 a.m. 
to 6 p.m., with a considerable amount of overtime added to the normal workshop 
hours. On the completion of his apprenticeship Frank began to relieve his father 
of the managerial side of the business, eventually taking charge after his father’s 
death in 1go1. In 1919 the firm was converted into a limited liability company with 
Frank Watts as Chairman. Under his direction the firm grew rapidly, becoming 
known for the manufacture of theodolites and levels of efficient design and sound 
workmanship. It was however in his outlook on export trade and its possibilities 
that Frank Watts showed his special characteristics. He was a great believer in 
taking his wares to the customer, and under his direction a member of his staff 
exhibited and demonstrated Watts’s instruments to the surveying departments of the 
majority of foreign and colonial governments. 

Although the name of Frank Watts is not associated with any particular develop- 
ment in surveying instruments, he frequently made pertinent suggestions concerning 
their design. His workshop training enabled him to suggest methods for the pro- 
duction of instruments in large quantities, a most useful gift when the question of 
making large numbers of instruments for government departments arose. He had 
served almost continuously, since its formation in 1916, on the Council of the Scien- 
tific Instrument Manufacturers Association (originally the British Optical Instru- 
ment Manufacturers Association), where his keen business judgment was much 
valued. He was elected a Fellow of the Optical Society in 1914 and served on its 
Council from 1918 to 1921, and 1924 to 1926; he acted as Vice-President from 1927 
to 1930. 

He was most modest as to his own capabilities but was greatly trusted and liked 
by his colleagues and friends, and by the men working under him. He leaves a 


widow and daughter. 
R. S. W. 
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DR A. E. HO TUTTON i. 


ALFRED EpwIn HowarbD TuTTON, who died on 14 July 1938, was born on 
22 August 1864 at Stockport, Lancashire. He entered the profession of science 
through evening classes at the Stockport Mechanics’ Institute, which he attended 
whilst employed in a solicitor’s office. Next he obtained a scholarship which enabled 
him to study at South Kensington, and in 1887 he became assistant demonstrator in 
chemistry. Under Thorpe he carried out work on the oxides of phosphorus, which 
led to the recognition of the cause of phossy jaw, and to legislation which removed the 
danger of this disease from those who work in match factories. 

Some of his best-known work, described in a book which has become a classic, 
was on the external forms of crystals. This was undertaken in part to investigate the 
extent to which the then relatively new law of isomerism was true, but it also led 
him to the preparation of many new crystals in remarkable perfection of form, 
established the extent to which the angles of crystals are in fact invariable, and 
provided an immense amount of valuable data. 

In 1895 Tutton left South Kensington to become an Inspector of Technical 
Schools under the Board of Education, though his researches were continued in his 
private laboratory. During the time that he spent in London in this capacity, he 
designed for the Board of Trade a comparator on the interferometer principle, 
intended for the comparison of the standard yard with its copies. This instrument 
was but one of a number in which he used similar methods, others being an 
instrument for the determination of the distortion of crystals under stress, and his 
elasmometer and dilatometer, both for work on crystals. The comparator itself 
recorded in units of one eight-millionth of an inch, and 'Tutton intended to carry 
out a measurement of the wave-length of certain lines of H and Ne with it, but he 
was prevented from doing so by his transfer to Plymouth. After his retirement he 
returned to this subject and, using the rulings prepared for him by Grayson twenty 
years before, he completed the determination, which involved the actual counting 
of the number of wave-lengths in ;’g in. The result, computed in terms of cadmium 
radiation, agreed with that obtained by Sears and Barrell at the National Physical 
Laboratory to within one part in 1,400,000. 

Tutton was a great lover of mountains and a member of the Alpine Club, and 
had visited the Rockies and Mount Kenya in East Africa. He was a member of the 


International Commission on Snow, and in this connexion his profound knowledge 
of glaciers was of great value. 
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REVIEWS OF BOOKS 


Textbook of Heat, by R. W. Stewart, D.Sc. and Prof. JouNn SaTTERLY; revised by 
C.'T. Arcuer, M.Sc. Pp. vii+ 410. (Second edition, University Tutorial Press, 
1939.) 7s. 6d. 


The volume under review is intended for first-year and second-year university students, 
and in it one finds a clear exposition of a subject which, from the amount of historical 
matter included, one might be led to the conclusion that there has been but little advance 
during the last 30 years or so. Looking through the volume one ‘cannot but feel that the 
time is ripe for a drastic pruning of the material provided for the digestion of first-year 
and second-year students. Too much space is given to Joly’s steam calorimeter, which 
is now only of historic interest and has been little used during the past 50 years. To 
imply that Forbes’s method is the right one for investigating the absolute thermal con- 
ductivity in the case of a metal is to give the student an incorrect conception of modern 
technique in this branch of the subject. Incidentally it might be noted that Forbes 
described his method 87 years ago. A careful search through the Annual Reports on 
Progress in Physics issued by the Physical Society would have helped to modernize the 
outlook. 

There is, however, some additional matter in this new edition. For example, under 
gas thermometry one finds a description of the constant-volume gas thermometer of the 
International Bureau of Weights and Measures, Paris, although it comes as a slight shock 
to find that this was first described over half a century ago. Callendar’s constant-pressure 
thermometer finds a place, but no mention is made of the very simple forms of gas 
thermometers used nowadays in research at very low temperatures. 

The concluding paragraph of the section dealing with the gas thermometer states that 
the standard scale of temperature adopted for international use is “the Centigrade scale of 
the constant-volume hydrogen thermometer....” While it is true that the international 
scale was based on experimental work with the hydrogen gas thermometer, the definition 
of the international temperature scale nowadays contains no mention of the hydrogen 
thermometer. It is the thermodynamic centigrade scale which is recognized as the funda- 
mental scale, and the experimental difficulties incident to the practical realization of the 
thermodynamic scale have made it expedient to adopt for international use a practical scale, 
designated as the “international temperature scale”’. This scale conforms with the thermo- 
dynamic scale as closely as is possible with present knowledge. ‘The international tempera- 
ture scale is based upon a number of fixed and reproducible equilibrium temperatures to 
which numerical values are assigned, and upon the indications of interpolation instruments, 
calibrated according to a specified procedure at the fixed temperatures. Thus, from the 
ice point to 660° c. the platinum resistance thermometer is used as the interpolation 
instrument. 

In the chapter on specific heats, atomic heats are mentioned but the vast accumulation 
of theoretical and experimental work in this subject during the past 30 years is ignored. 
Possibly the explanation of the state of affairs is that the examiners responsible for the 
papers set to first-year and second-year students are not sufficiently interested in the 
subject of heat to set questions requiring up-to-date knowledge of the subject. So long 
as these conditions prevail there is little encouragement to authors to write modern books. 
But within these limitations the volume under review serves its purpose admirably. 

E. G 
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A Text Book of Heat, by H. S. ALLEN, F.R.S. and R. S. Maxwe_t. Pt.1. Pp. v+ 525. 
(London: Macmillan and Co., Ltd., 1939.) 10s. 


This is the first part of a two-volume work. It is intended for students preparing for 
Higher School Certificate or intermediate examinations in physics or for a university 
scholarship. The work is mainly descriptive and experimental and the mathematical 
treatment has been kept as simple as possible, although the notation of the calculus is 
introduced and explained. The development of the science of heat is traced from the 
speculations of the early philosophers to the more abstruse ideas connected with the 
quantum theory. 

The volume represents a definite attempt to bring the treatment of the subject dealt 
with up to date. One finds for example a section on commercial applications of solids and 
liquids at low temperatures giving interesting information as to solid carbon dioxide and 
the separation of gases. 

The treatment of thermal conductivity is good. One would, however, have liked to see 
an amplified account of the Lorenz law. It is stated that the law is satisfied at ordinary 
temperatures for pure metals, but it should be noted that there are exceptions to this law, 
particularly among the poorly conducting metals such as pure bismuth, antimony, and 
mercury, while some good conducting alloys obey the law. 

In the chapter on latent-heat calorimetry one finds an account of Dewar’s liquid- 
oxygen and liquid-hydrogen calorimeters by means of which he showed that “the 
atomic heats were periodic functions of the atomic weight and that the curve resembled, 
generally, the well-known Meyer atomic volume curve for the solid state”. In connexion 
with the measurement of low temperatures reference might be made to the pentane 
thermometer which is very useful in the range from room-temperature down to the 
temperature of liquid oxygen. A minor point for criticism is the drawing of a sulphur 
boiling-point apparatus, figure 18, where the coil appears to project beyond the top of the 
sulphur bath. 

An interesting feature is the biographical notes on distinguished workers in the subject. 
The quotation ascribed to Maxwell concerning Helmholtz will be new to many. It was he 
who first “‘effected a passage over that untrodden wild between acoustics and music— 
that Serbonian bog where whole armies of scientific musicians and musical men of science 
have sunk without filling it up”. 

The authors of the volume are to be warmly congratulated on their industry, which has 
resulted in the production of a book marking a distinct advance in the treatment of the 
subject. We shall await the appearance of the second part with keen interest. E.G. 


A Text Book on Light, by A. W. Barton. Pp. x+426. (London: Longmans, 
Green and Co., Ltd., 1939.) 8s. 


According to the notice on the dust cover: “‘ This book is an attempt to prepare the 
reader for a changing world by presenting the subject matter in its proper setting, by 
making him realize that scientific ideas are in a continual state of flux, developing out of 
well-established facts, growing and being modified as the theory itself suggests, and 
leading to the establishment of an ever-widening range of facts.”” As may be expected in 
consequence, the author eschews dogmatism and dwells more on the philosophical and 
educational aspects of his subject than is usual in works of similar scope. 

In the part of the book devoted to geometrical optics, we note with pleasure that the 
author is careful to explain the application to finite objects of formulae proved for point 
objects, that he uses a symmetrical notation in connexion with refraction at a surface, and 
that he considers the formation of images by convergent incident light. Moreover he 
follows the Physical Society’s Report in making use of the sign convention in which 
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distances measured from a refracting surface in the same direction as the initial direction 
of the light are counted positive; but it is noted with regret that he does not quote the 
useful definition of power which the Report contains. Modern photometry, illumination, 
and the determination of the velocity of light are dealt with in a manner which calls for 
commendation (but did Fizeau when performing his experiments use a concave mirror 
at the distant station?); and the subjects of wave motion, interferences, diffraction, 
polarization, and radiation are studied in some detail with emphasis on the evidence which 
they afford concerning theories of light. The treatment is straightforward, and, while no 
attempt is made to view the physics through a haze of symbols, the mathematical develop- 
ment is adequate. 

Problems appended to each chapter will assist the Higher-Certificate, scholarship and 
pass-degree students to whom the book is addressed, and we predict that the volume will 
attain a popularity similar to that enjoyed by the author’s Heat. Ee Jat, 


Electroacoustics, by E. Meyer. Pp. v+117. (London: G. Bell and Sons, 1939.) 10s. 


To those who were present at Prof. Meyer’s series of lectures on electroacoustics at 
the Institute of Electrical Engineers in 1937 this book needs no introduction. These 
lectures are here published in a very readable form and are supplemented by many in- 
formative illustrations and a number of references. In this short book a wide field is 
covered, the subjects dealt with including the properties of sound waves, acoustical 
terms, supersonic sound, sound-analysis and intensity-measurement, microphones and 
loudspeakers, gramophone and magnetic recording, electrical music, room acoustics and 
sound-absorbents. Those engaged in research and in the various branches of industry in 
which electroacoustics are being used to an ever-increasing extent will find Prof. Meyer’s 
book a useful summary of recent progress, particularly of that made by continental 
workers. Students will find it a convenient means of gaining an insight into an important 
and interesting branch of applied physics. K.M.C. 


Terrestrial Magnetism and Electricity. Edited by J. A. FLeminc. Pp. xii+794. 
(New York and London: McGraw Hill, 1939.) 52s. 6d. 


This book is volume 8, the latest and largest, of a series of works included under the 
general title ‘‘ Physics of the Earth”, which have been prepared under a scheme formulated 
in 1926 by the United States National Research Council. The purpose of the series was 
“to give to the reader, presumably a scientist but not a specialist in the subject, an idea 
of its present status together with a forward-looking summary of its outstanding problems”’: 
hence this volume is ‘‘not a text-book, but a reference book which may stimulate the 
interest of a larger group of investigators in terrestrial magnetism and electricity”. 

One third of the book is devoted to terrestrial magnetism: the whole subject is briefly 
reviewed by Fleming, who also, with Johnston and McComb, deals with magnetic 
instruments and observations; Heiland writes on magnetic prospecting, McNish on the 
causes of the earth’s magnetism and its changes, and Bartels on some problems of the subject. 

The daily variations and irregular disturbance changes of the earth’s magnetism largely 
originate in the upper atmosphere, particularly in the ionosphere, and the disturbances 
are closely associated with aurorae. Hence it is appropriate that more than a quarter of the 
book should deal with these subjects, in chapters by Berkner on the radio exploration of the 
ionosphere, by Hulburt on the upper atmosphere, and by Vegard on the aurora, 

The rest of the general text is concerned with terrestrial electricity ; Rooney contributes 
a chapter on earth currents, which offer many difficult problems of measurement and 
interpretation, and are connected with the magnetic changes. The other three electrical 
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chapters relate to the lower atmosphere; there is a general article on atmospheric electricity 
by Gish, one by Torreson on instruments and observations, and one by Schonland on 
thunderclouds, shower clouds and their electrical effects. These four chapters include 
nearly a quarter of the book. 

The remaining hundred pages cover the last and longest chapter, by Harradon, on 
Bibliographical Notes and Selected References. The Preface rightly says that this chapter 
forms a most valuable research tool. 

The work as a whole is an important and authoritative production, which seems certain 
to contribute materially to the advancement of its subject by making available to physicists 
and applied mathematicians, to geologists, engineers and others, the present state and the 
fascinating and difficult problems of this branch of earth-science. ‘There is of course some 
over-lapping in the contributions by different authors, but this is at least in part advanta- 
geous in presenting the conflicting opinions which prevail on some aspects of earth 
magnetism. 

Soe 


Theory and Design of Valve Oscillators, by H. A. THomas, D.Sc., M.I.E.E. Pp. 
xvii+270. (London: Chapman and Hall, 1939.) 18s. net. 


The technician often requires information on a particular subject more detailed and 
more up-to-date than can be found in the ordinary textbook. This book forms one of a 
series of monographs on electrical engineering designed, under the editorship of H. P. 
Young, to fulfil this need. It deals in greater detail than any previous book published in 
this country with the general principles of valve oscillators, the various types of oscillator, 
their efficiency and their stability in respect of frequency. There is a short chapter sum- 
marizing the different methods of adjusting the electrical circuit to increase the frequency 
stability; and the last chapter gives a useful account of mechanical methods of frequency 
monitoring. About one third of the book, drawn largely from the author’s own works, is 
devoted to an analysis of the instabilities of inductance coils and condensers and describes 
some methods of overcoming them. 

It is perhaps inevitable that a book written by a technical expert should suffer from a 
lack of balance. The latter part of this book could have been condensed with advantage, 
and there is throughout an unnecessarily detailed description of individual experiments and 
a lack of conciseness in style. On the other hand it is surprising that a book with the present 
title should not contain at least a brief description of a valve and some introductory expla- 
nations of the electrical components used and the technique of assembling them in a valve 
circuit. The author states in his preface that valve oscillators are used for numerous and 
varied purposes, but there is little mention of these in the text and no description of the 
oscillators suitable for them. The relaxation oscillator, for instance, receives only a general 
description which is of little use to the technician wishing to design an oscillator of this 
type. These omissions restrict the usefulness of the book, which nevertheless contains a 
good general description of valve oscillators, and information concerning coils and 
condensers which should be helpful to anyone designing these components. 

The statement on p. 242 that the degree of stabilization of frequency with a valve 
master oscillator is not quite so high as that given by a quartz-controlled oscillator might 
in some cases be misleading ; for it should be remembered that if the best models of the two 
types are compared the quartz oscillator is of the order of a thousand times better than the 
valve oscillator. 


The book is well printed and only a few minor misprints were noticed. 
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The Radio and Telecommunications Engineers’ Design Manual, by R. E. Biaxey, 
D.Sc. Pp. vilit+142. (London: Sir Isaac Pitman and Sons, 1O303) 155: 


This book has been written primarily to assist the radio engineer in the design and 
construction of apparatus for use in the factory test room. While the author’s plea that such 
a book should be non-academic in character is reasonable, it is hardly an excuse for present- 
ing a volume which contains so many inaccuracies. These errors are not confined to the 
text and the mathematics, but extend to the circuit diagrams and are of such a nature as to 
make the reader suspicious of the book as a whole. Further defects in the presentation of 
the material, such as the occasional use of undefined symbols and the absence of an index, 
lead to the view that, in its present form, the book will not succeed in its object. This 
conclusion is highly unfortunate, as undoubtedly the subject matter might be arranged in 
the form of a valuable book on which the radio engineer could rely for practical information. 


lela Gs 13h 


Elektrische Hdéchstspannungen, by A. Bouwers. Pp. ix+333. (Berlin: Julius 
Springer, 1939.) RM. 29.40, Bound RM. 31.20. 


Such a book, from one who has so long been concerned with the technique of high- 
voltage production as Dr Bouwers of Eindhoven, would be certain, in normal times, to 
attain a wide publicity amongst physicists in this country. The choice, however, of a 
publisher in Berlin will unfortunately, from our point of view, render the book difficult to 
obtain here. 

The book starts with a discussion of the various methods of high-voltage production, 
which discussion is so comprehensive as to include not only the methods available in the 
laboratory but nature’s own contribution in the form of the lightning discharge. Also 
included is a consideration of the resonance methods for accelerating particles to high 
equivalent voltages by means of relatively low accelerating voltages. There follows a 
description of the electric fields caused by electrodes of varying geometrical configuration, 
and the methods available for mapping out such fields. The next section of the book deals 
with the properties of insulating materials, a wealth of technical information and data 
being given with regard to the electrical breakdown through the substance, and that 
across the surfaces, of these insulating media. The concluding sections of the book deal 
with the more specific problems which have to be met in the construction of high-voltage 
equipment. Amongst the problems discussed are the most suitable shape of insulator for 
use at high voltage and the construction of high-voltage condensers, transformers, 
resistances, rectifiers and switches. The methods available for the measurement of high 
voltages are given in detail together with much useful data. Finally the last section of the 
book deals with the “‘ Use of high voltages”’, just in case the reader should have imagined 
that the attainment of high voltages was an end in itself. Here is to be found a discussion 
of the use of high voltages in nuclear physics, of the yield of neutrons (3 Li+ 7H) at different 
voltages, and of the design of discharge tubes both for positive ions and for electrons. ‘The 
book concludes by giving some good advice on the precautions which should be adopted 
in working with high voltages and also on the protective measures which should be taken 
in working with x rays or y rays or with f rays or neutrons. Here again useful absorption 
data are given. 

A feature of this excellent book is the beautifully produced diagrams, graphs, and 
photographs of apparatus. The bibliography consists of 324 references, most of which are 
to papers published within the last ten years. 

W. B. M. 


67-3 


1054 Reviews of books 


An Introduction to Crystal Chemistry, by R. C. Evans, M.A., Ph.D., B.Sc. Pp. xi+ 
388. (Cambridge University Press, 1939.) 18s. net. 


The object of this book, according to the preface, is to survey critically the broad field 
to which x-ray methods have been applied and to codify some of the principles of crystal 
architecture. This object is admirably achieved. ine 

The first part is devoted to a consideration of the interatomic binding forces which 
come into play in a crystal, and to a discussion of lattice theory. In the second part a 
systematic treatment of crystal chemistry is given, the substances dealt with being classified 
in accordance with the types of interatomic forces concerned in their structures. Metals, 
alloy systems, organic and inorganic compounds, and liquids and gases are considered 
critically and in detail, their structures being correlated with their physical and chemical 
properties. Care is taken, however, that the main arguments are not obscured by structural 
data inserted for their own sake. Technical applications, such as chemical analysis by 
means of x rays, the determination of purity and grain-size, and the detection of strain, are 
omitted ; such applications being expressly stated by the author to be outside the scope of 
the book. 

A very useful feature is the profusion of summarizing tables from which the main 
results of the various sections may be seen at a glance. An extensive bibliography and a 
ong list of references add value to an already valuable book. J.T. 


Complex Variable and Operational Calculus, by N. W. McLacuian. Pp. xii+355. 
(Cambridge University Press, 1939.) 25s. net. 


Dr McLachlan’s work, particularly on loudspeakers, led him first into the remote 
intricacies of Bessel functions and on his return, like a good traveller, he published a most 
interesting account of the country. Now we have a book inspired by the subject of 
operational calculus, and bearing the title shown above, though the author is careful to 
stress that the method which he gives is not an operational one. The first chapter, that on 
complex variables, is introductory to the main theme of the book, and if it fails to attain 
even that minimum standard of rigour which is usually expected, no great harm is done, 
for no reader could tackle the main subject with no more preparation than is given there. 
It is followed by chapters on Cauchy’s theorem, the calculus of residues and various other 
matters falling within the ordinary theory of functions. 

The interest of the book lies in the second part, the theory of operational calculus. 
Dr McLachlan bases his theory on the Mellin inversion theorem in the form: 


i b(p)=p | em fo dt 


then FO= 55, |e" $0) ablp 


where the second integral is taken round the Bromwich contour, a line parallel to the axis 
of y at such a distance as to leave all singularities of the integrand on its left. Then ¢ (p) 
is called the operational form of f(#), and the contour integral is the interpretation of 
¢(p), although p is a parameter and not an operator. Thus if the operational form of a 
function is required, it is deduced from the formula 


OEY: ee f (0) dt. 
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It is interesting to see this method at work on a simple problem, such as that (given 
on p. 143 of the book) of solving the equation y’’ +a2y=Ce subject to the initial 
conditions y=’ =o. 

The equation is multiplied by e-?*, integrated from o to oo, and multiplied by p, to 
give the result 


et ydt =cp/(pt+b). 


p | e-' dy’ +a°p 
J0 J 


0 
Integrating the first term by parts brings the equation to the form 
(e+e) p | em ydt=epl(p +8) 
which is at once reducible to the standard form, and on inversion yields 
eee zt Jol ( 24 72 
ase | et dz/(z+b) (22+). 


This is evaluated by means of its residues at the three poles, giving the usual solution, 


oS canes ee —cos at+ J sin at) 
(a? +b?) a 

Set out in this way, the method seems cumbersome and indeed for simpler problems 
it probably involves more steps than a frank appeal to the shorthand operational methods. 
But it has the advantage of keeping the mathematical aspect present throughout, and would 
not lend itself to the errors which have been made when pure operational calculus has been 
used. 

Space is lacking to give a full account of the many investigations crowded into the book 
—a third of it is devoted to physical applications—but the original contributions are many, 
and there is no doubt that patient study of it would enable any reader possessing the 
necessary preliminary mathematical equipment to master all the theory necessary to 
enable him to investigate even difficult problems which are amenable to treatment by this 
method. 

There is a full bibliography, and in an appendix are given the interpretations of many 
of the commonest operational forms. Tete 


Higher Mathematics (with Applications to Science and Engineering), by R. S. BuRING- 
TON and C. C. Torrance. Pp. xii+844. (New York and London: McGraw- 


Hill Publishing Company, 1939.) 30s. net. 


The preface tells us that this volume is “an outgrowth of a series of courses in advanced 
calculus and related subjects, given by the authors at the Case School of Applied Science, 
and designed primarily to meet the growing needs of students interested in the applications 
of mathematics to physics and engineering”. Although the physical interpretation of the 
mathematics is appropriately stressed, the presentation is sufficiently rigorous to make the 
book suitable for those whose interests are principally mathematical. 

The ground covered is very wide indeed. There are altogether nine chapters, the first 
three of which, occupying rather more than half the space, deal on the usual lines with the 
differential and integral calculus and ordinary differential equations. Methods for the 
numerical solution of differential equations are not neglected, and the properties of 
systems of equations are generously illustrated by excerpts from electrical circuit theory. 
There is a brief reference to the generalized Lamé equation, with a fairly detailed treatment 
of the cases of the Legendre and Bessel equations. We next come to a chapter on infinite 
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sequences and series, including an extensive treatment of Fourier series, though very little 
on the Fourier integral, and then to one on the functions of a complex variable, which 
contains not only most of the usual theorems, but also an introduction to conformal 
representation and some useful notes on elliptic functions. A good chapter on algebra 
and vector analysis follows, where in addition to sections dealing with matrices, deter- 
minants and vectors, the authors have found room for a very readable introduction to the 
differential geometry of curves and surfaces, and a short account of the tensor calculus. 
The remaining topics include partial differential equations, the calculus of variations, and 
finally a brief introduction to the theory of the real variable. Among notable absentees, 
integral equations and asymptotic expansions may be mentioned. There is admittedly a 
reference to the latter in the index, but on turning up the page concerned we find that it 
refers only to the development of functions in Laurent series, and contains no reference to 
asymptotic expansions, which, moreover, do not appear to be mentioned anywhere else in 
the book. In the reviewer’s opinion the balance of the book, already good, could be made 
even better if the first two chapters were slightly shortened to make room for brief treat- 
ments of a few additional topics such as those mentioned above. This is put forward 
purely as a suggestion for future editions, for the book deals already with such a wide 
diversity of subjects that any criticism on the ground of omissions would be ungracious. 
There are one or two departures from standard notation which call for comment. There 
seems to be little point in introducing the integral symbol J,f(«) in place of the usual 
Jf (x) dx, only to discard it after a few pages in favour of the standard, or as the authors 
call it the “historical”, form. Again, it is not easy to resign oneself to such expressions 
as ctn, csc, ctnh and csch in place of the usual cot, cosec, coth and cosech; the customary 
terms at least have the merit of being reasonably pronounceable. These are very minor 
criticisms, however, and the book can be confidently recommended to students and others 
who are looking out for a reasonably concise general textbook on applicable mathematics, 
which is at the same time reliable and interesting. An attractive feature is the large number 
of examples, which incidentally include many theorems for which there is not space in the 
text. There is also a good bibliography which should assist those who wish to pursue further 
the topics initiated in the book. een 


Problems in Mechanics, edited by G. B. Karetitz, J. ORMONDROYD and J. M. 
GarrELTs. Pp. ix+271. (New York: The Macmillan Company, 1939.) 115. 


This excellent book contains nearly 800 well chosen and graded examples in statics 
and dynamics, the majority of which are illustrated by clear diagrams. In nearly every case 
the answer is given, and about 10 per cent of the problems are provided with brief solutions 
‘to suggest to students a method of attack which they can follow to advantage in handling 
the rest of the problems”. In their preface the authors state: “The exposition of the prin- 
ciples and theorems of mechanics is of little practical value to the student unless he is 
constantly exercised in their application to actual problems. Only by this means can 
mechanics become a working tool for the future engineer.” With this statement every 
teacher will agree. This book provides the means as most of the examples are based on 
practical problems. A brief summary of the theorems required enhances the value of the 
book, which should make a wide appeal to all teachers and students of mechanics whether 


engineers or not. 
ince De: 


Aircraft Design: Vol. II, Aerostructures, by C. H. LaTiMER NEEDHAM. Pp. xiii+ 308. 
(London: Chapman and Hall, Ltd., 1939.) 16s. 


This book is the second volume of a work on aircraft design and—though its title may 
suggest a wider field—deals solely with the design of aeroplanes from the structural 
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standpoint. After some preliminary general chapters on the arrangement of aeroplane 
structures and the materials used, a series of chapters are devoted to brief discussions on 
wings, fuselages, tail units, undercarriages, and controls. Short chapters are included on 
structural strength calculations, airscrew and engine properties, some characteristics of 
seaplanes and flying boats, and metal construction. 

The book is characterized by a clarity of description and a simplicity of exposition 
regarding design problems that will no doubt help it to fulfil one of its intended functions 
as “‘a guide for private constructors”. But in attempting to cover the whole field of struc- 
tural design in the space of 300 pages the author has set himself a difficult task. It is easy 
for such a work to become a confusion of general principles on one hand and design details 
on the other—a mixture troublesome to an engineer and still more displeasing to a physicist. 
And though he tries to deal “with the general principles of aircraft design”, the author 
has too often failed to express structural design in terms of physical principles as generally 
understood. Thus the discussion of the loading experienced by an aeroplane is too much 
like a good summary of official airworthiness regulations and there is too little remark on 
the functions of the various structural components of an aeroplane. 

This is a defect from which other textbooks on the same subject suffer; and like them, 
also, this book is largely written, though not ostensibly and perhaps to a rather less degree, 
around the wooden biplane of the past. This is a great pity, for the young student, seeing 
around him the metal-clad monoplanes of the Royal Air Force of to-day and eager to learn 
how they are constructed, must be sadly disappointed by many of the examples of this 
textbook, and must tend to lose interest in what is really a most absorbing subject to 
mathematicians, engineers, and physicists alike. A.G.P. 


The Scientific Journal of the Royal College of Science. Vol. 1x. Pp. 137. (London: 
Edward Arnold and Co.) 7s. 6d. 


The three societies—Chemical, Natural History, and Mathematical and Physical—of 
the Royal College of Science combine to publish a journal, of which this is the ninth 
annual volume. This contains only a selection from the papers and addresses given to the 
societies, and most of those printed consist of surveys of some interesting fields of know- 
ledge. Among the chemical subjects are two showing how chemistry may make its 
contribution to easing the lot of mankind; the one is on the dusts responsible for silicosis 
and the other on carcinogenic (cancer-causing) agents. The Natural History section 
contains accounts of two scientific expeditions, and the Physical and Mathematical Society 
prints a lecture by Dr Mann on the cyclotron, one by Dr A. H. Davis on the measurement 
of sound and noise, and two particularly interesting ones in which Prof. Dingle and 
Prof. Levy set out their views on what is generally called the philosophy of science. These 
are such admirable summaries of their two points of view that they deserve to be known 
to wider audiences. Among the other lecturers during the year were Profs. G. P. Thomson, 
E. K. Rideal, G. I. Finch, A. C. Egerton and Dr C. G. Darwin. rare 


Modern Science, by Hyman Levy. Pp. x+736. (London: Hamish Hamilton, 


1930:)5 215; 

The task which Prof. Levy has undertaken, that of giving a comprehensive survey of 
physical science in the world of to-day for the ordinary intelligent person, is one which 
most of those concerned with physics would agree to be well worth while. However much 
they might disagree with some of the particular points of view which the author expresses, 
they could not but have the highest admiration for the easy mastery with which he handles 
his material and for the energy and verve with which he has carried out his elaborate 


programme. 
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The essential idea underlying the presentation is that science is one of the forms in 
which social energy manifests itself, and that it cannot be considered, without serious 
misrepresentation, apart from its social background and its effects on social practice. It is 
the insistence on this point of view, rather than the mere acceptance of it, which gives the 
book its special character. Much of the scientific ground covered, however, has been well 
trodden in some of the excellent books already available on science for the general reader, 
and it is unfortunate that the author should appear to ignore their existence. Surely one of 
the first duties of the socially minded writer on science is to indicate the relation of his 
own presentation to that of others. 

The first part of the book treats historically some of the main phases in the development 
of science, and traces the relation between science and its social background through the 
ages. At the present time the author sees an inversion of science, with capitalism inevitably 
involved in war and mobilizing science for that purpose. The scientist, ““at once the 
product and the servant of a dying culture. . .holds in his hands the key to the making of 
anew”. 

The bulk of the book, parts II-VII, occupying some 600 pages, presents, with a 
wealth of illustration, some of the leading themes of physics. A somewhat discursive 
survey of scientific method and procedure, in the course of which the forms and move- 
ments of energy are considered at length, is followed by a discussion of “‘ The universe of 
symbols”. This outlines the development of arithmetic, algebra and the calculus, and 
shows clearly the point of many of the apparently abstract and recondite problems of 
mathematics. The absolute machine is then considered, and the Newtonian laws of motion 
are subjected to detailed scrutiny. As an exemplification of the practical bearing of classical 
physics, a long chapter is devoted to an account of the basic principles of aeronautical 
science. Part V, entitled ‘‘The perfection of shape”’, tells “the sad story of Euclidean 
geometry” and discusses its extension. The present answer to the question, ‘‘ What is the 
Universe?”’, as far as a scientific answer can be given, is outlined in part VI. The stars, the 
solar system and the earth are surveyed in turn. The bearing of the theory of relativity is 
indicated. The complementary field view and particle view of interaction processes are 
treated, and finally the pattern in detail is described, stress being laid, in the account of 
atomic and electronic phenomena, on the dominance of statistical laws. To illustrate the 
bearing of modern science on practice, an excellent account is given of the elaborate inter- 
play of theory, experiment, and diverse technique involved in the development of modern 
methods of illumination. 

In an epilogue, “Science in travail”, the author stresses two points which he regards 
the survey as having indicated—the interrelation between science and social activity, and 
the growth of science through the resolution of internal contradiction by a higher synthesis. 
He also presents some of the characteristics of the older mechanistic and the newer 
dialectical method in a table of nineteen contrasting statements, which appears to give on 
one side the view of some idealized mechanist, and on the other those of the author. Why 
the newer method is called dialectical is left obscure, nor is it clear why such a statement as 
“The speed of light is a statistical constant” is characteristic of it. Analysis of scientific 
method in a sense which others might regard as more fundamental is, however, foreign to 
the author’s purpose. 

Although few would deny that the statement “The history of science and the growth 
of its ideas are intimately bound up with the history of social needs” is in accordance with 
a wide range of historical evidence, yet in its implications it seems to leave out of account 
the fact that there are scientific ideas, including some to which high value is attached by 
scientists, that seem to have no bearing on social needs. It is striking that the author is 
sometimes at his happiest when expounding ideas which seem to be socially useless. It 
is this which may possibly leave readers with a feeling of inconclusiveness about what 
purports to be a central argument of the book, quite apart from whether or not they are 
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in sympathy with the author’s general social and political views. This, however, does not 
detract from the general excellence of handling of the scientific themes themselves. The 
ordinary intelligent person has a journey full of interest before him when he tackles this 
book, and the occasional difficult passages should add a stimulus. It is to be hoped that 
the book will be read by many who are not professionally concerned with physical science, 
as well as by those who are. The many diagrams and sketches, due to Joan Samuell, 
boldly executed with significant economy of detail, add much to the attractiveness of an 
admirably produced volume. E.C.S 


German-English Science Dictionary, by Louis DE Vrirs. Pp. x+473. (London: 
McGraw-Hill Publishing Co., 1939.) 19s. 9d. 


The plan on which this dictionary was compiled sounds ideal; the professor of modern 
languages prepared it, with the active co-operation of the staffs of the various scientific 
departments of the Iowa State College, who pointed out to him, in particular, the standard 
works in each subject which should be combed for the necessary technical vocabulary. It 
is nevertheless open to criticism in detail. The lexicographer prides himself on the fact 
that it contains 48000 entries, but he might have produced a cheaper and smaller book of 
equal utility by reducing the number of words which are identical, or nearly so, in English 
and German. The writer who aspires to publish in German may need to know that direkt 
is the German for direct, but the scientist who is merely hoping to read German technical 
literature will surely not need to look this up in a dictionary. Nearly every page contains 
similar examples, and the following are taken at random: Kodex, kohisiv, fiktiv, fibrés, 
Dioxyd, Analogie, Aconit, Methode, Artikel, explodieren, Anode, and extensiv. 

On the credit side is the large number of biological terms, each accurately defined, 
generally with the technical (Latin) term. Indeed, the book appears to have the biological 
rather than the physical sciences in mind, and it often misses the specifically mathematical 
meanings of words. Thus under Ableitung we find “‘ drainage, derivation, deduction” but 
not “derivative, differential coefficient”, and under Ausgleichen we have “‘to equalize, 
adjust, compensate, balance, level, settle, arrange”, but not “to equate”. Incidentally, is 
it by coincidence or due to derivation from a common source, that another well-known 
science dictionary gives for Ableitung and Ausgleichen “drainage; derivation; derivative ; 
deduction, channel; turning aside”, and ‘“‘equalize, adjust; compensate; balance; level; 
settle”, respectively? 

Under Schalter there are the entries “ruler, manager, wicket, window”’, though to the 
physicist the commonest meaning is “switch”, and in fact the other dictionary just 
mentioned gives “wicket, window; ruler, manager; (Elec.) switch”, and incidentally by 
its groupings makes clearer what sort of wicket and what sort of ruler are intended. 

Among less technical words, the dictionary gives help in many useful ways, but there 
is an unfortunate misprint whereby halber in its sense of “on behalf of” fails to appear. 
Mittelmeer and Bodensee are both given, but not Siidsee or Ostsee. 

The book is beautifully produced, and the choice of type is such that words stand out 
well, yet not in such a way as to weary the eye. For those who already have an engineering 
dictionary, or whose interest is mainly in zoology or botany, the book is probably of 
extreme value, but it hardly fulfils the needs of the ordinary physicist, and it is to be hoped 


that another edition will soon appear in which he will be better catered for. 
Jou. A. 
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Under the general heading Actualités Scientifiques et Industrielles we have 
received the monographs listed below. Each is written by an authority on his 
subject and the treatment is, in general, concise and clear. The publishers are 
Hermann and Co., 6 Rue de la Sorbonne, 6, Paris. 

653. Pierre Fieury. Mesure des Temps, Vitesses, Débits. 30 fr. 


654. M. Matricon. Application de la Méthode du Champ Self-Consistent aux Noyaux 
Atomiques. 25 fr. 


655. Puitie A. LeiGHTon. Determination of the Mechanism of Photochemical Reactions. 
18 fr. 


656. Geruarp K. Rotierson. The Photochemistry of the Halogens. 20 fr. 

658. Frétpéric Bremer. L’ Activité Electrique de l Ecorce Cérébrale. 15 fr. 

662. ERNEST KAHANE and JEANNE LEvy. Choline-Neurine. 15 fr. 

693. Pierre Brunet. Etude Historique sur le Principe de la Moindre Action. 30 fr. 


703. Harry Witistaept. L’ Analyse Chromatographique et ses Applications. 30 fr. 


704. Louis DE Brociz. Le Principe de Correspondance et les Interactions entre la Matiére 
et le Rayonnement. to fr. 


709. Atoys Rey. Etudes sur ? Ecoute des Sources Sonores Eloignées. 21 fr. 


718. P. Desye, F. Srmon, M. Wiersma, Sir C. V. Raman, M. PoLany! and B. VAN DER 
Poi. Physique Générale. 21 fr. 


719. N. Boner, P. ScHERRER, J. D. Cockcrorr and W. Botue. Physique Nucléaire. 11 fr. 
720. J. CLay, P. M.S. BLacxetr and G. Lemaitre. Rayons Cosmiques. to fr. 
729. JEAN-Louts Destoucues. Les Electrons Lourds (Mésotons). 21 fr. 


731. Maurice Prost. Optique, Electricité. 21 fr. 
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CAMBRIDGE: PRINTED BY WALTER LEWIS, M.A., AT THE UNIVERSITY PRESS 


PROCEEDINGS AT THE MEETINGS 
OF THE PHYSIGAIZ SOCIETY 


SESSION 1938-39 


Except where the contrary is stated, the meetings were held at the Imperial 
College of Science and Technology, South Kensington, 
the President being in the Chair 


14 October 1938 


It was announced that the Council had elected the following to be Student 
Members: Derek Gordon Gay, William Roy Piggot, Joan Una Spellman, I. H. 
Usmani, Kenneth Weekes. 

The following papers were read: 

“The critical-frequency method of measuring upper-atmospheric ionization ”’, 
by E. V. Appieton, F.R.S., R. Naismitu and L. J. INGRAM. 

“The atmospheric height-distribution of band-absorbed solar radiation”’, by 
S. CHapman, F.R.S., M.A., D.Sc. 

“The limiting polarization of medium waves reflected from the ionosphere’’, 
by T. L. Eckerstey, F.R.S. and G. Miturncton, M.A. 

“The origin of radio-wave reflections in the troposphere”’, by J. H. PippincTon, 
M.Sc., B.E., Ph.D. (The paper was read by J. P. ANDREws, D.Sc.) 


The following papers were read in title: 

““A concave-grating vacuum spectrograph for the wave-length 15 to 1000 A.”, 
by F. C. CHaLk.in, D.Sc., 8. 5. Watts, B.Sc. and S. P. HILison, B.Sc. 

“The focusing properties of the electrostatic field between two cylinders”, by 
F. H. Nico, Ph.D. 

“The accuracy of rectifier-photoelectric cells”, by J. R. ATKINSON, N. R. 
CaMPBELL, E. H. Patmer and G. IT’. WINCH. 

“Note on the use of probability paper”, by E. W. H. SELwyn, 

“The relation between range and energy for upper limits of B-ray spectra”, 
by E. E. Wippowson, M.Sc. 

“The integration of large numbers of x-ray crystal reflections”, by R. H. V. M. 
DawTon, B.Sc., A.Inst.P. 

“The analogy between the photon and the electron and the derivation of the 
quantum equation”, by H. T. Firnt, D.Sc., Ph.D. 


A cinema film illustrating radio exploration of the ionosphere was shown by 
Mr R. NatsmitH of the Radio Research Station. 
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28 October 1938 

The following were elected to be Fellows: D. V. Gogate, K. L. Narasimham, 
J. M. Nuttall, E. M. Williamson. 

It was announced that Council had elected the following to be Student Members: 
K. Alsop, M. D. Armitage, H. A. Buchdahl, S. W. Cousins, Po: Duncton, 
H. S. Griffin, A. B. Hammond, D. M. Heller, R. J. Hercock, D. M. Millest, 
G. W. A. Morris, D. C. Nutting, W. T. S. Pearson, J. Reekie, E. L. Ripley, R. F. 
Saxe,.A. Stratton. 

The following papers were read: 


“Transmission of sound between neighbouring rooms in a brick building”’, 
by J. E. R. Gonstasie, M.A., Ph.D. 


“Specific inductance capacity of diamonds by the method of mixtures”, by 
S. WuITEHEAD, M.A., Ph.D., A.M.I.E.E., F.Inst.P. and W. HAckeTT. 
The following papers were read in title: 


“The precision measurement of capacitance”, by N. F. Astpury, M.A., 
E.InsePs: and Lai Forp, Mise: 


‘Ferromagnetic compounds of chromium”’, by L. F. Bates, D.Sc., Ph.D., 
F.Inst.P. and G. G. TayLor. 


‘Analysis of light scattered from a surface of low gloss into its specular and 
diffuse components”’, by W. W. Barkas, M.Sc. 


‘““A note on the near ultra-violet band system of SnO”’, by W. Jevons, D.Sc., 
PhD Flnsth: 

The following demonstration was given: 

Electrical synthesis of bell tones. (The John Compton Organ Company, Ltd.) 


11 November 1938 
A. M. G. Thom was elected to be a Fellow. 
It was announced that Council had elected the following to be Student Members: 
I. 1. Berenblut, T. J. Buchanan, W. P. Fletcher, B. Kalakicha, G. F. Komlosy, 


A. C. Merrington, L. E. Mussell, T. Pearcey, E. J. Ryder, A. C. Shearman, 
B. S. Smith. 


The ‘Twenty-third Guthrie Lecture was delivered by Professor A. V. HILt, 
O.B.E., M.A., Sc.D., M.D., Sec.R.S., who took as his subject ‘“‘ The transformations 
of energy and the mechanical work of muscles’. 


The following papers were read in title: 


“The characteristic temperature of magnesium oxide”, by G. W. BRINDLEY, 
M.Sc., Ph.D. and P. Rrpiey, B.Sc. 


“An X-ray investigation of atomic vibrations in cadmium”, by G. W. BRINDLEY, 
M.Sc., Ph.D. and P. Ripiey, B.Sc. 


“Theoretical ionization curves for the E region”, by M. V. WILKes, M.A. 
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25 November 1938 


The following were elected to be Fellows: R. P. Abraham, Jj2 D2 Bernal). Be 
Wood. 

It was announced that Council had elected the following to be Student Members: 
H. A. Dell, J. W. Leech, D. E. Lewis, B. E. Noltingk, A. G. Stainsby, J. L. Tearle, 
Wew. Wright, "1 Hy Wang. 

The following papers were read: 

‘Acoustic spectra by the diffraction of light from sound films”, by D. Brown, 
Ph.D. (The paper was read by Dr W. D. Wricurt.) 


“The extinction of discharges in Geiger-Muller counters”, by A. NuNN 
May, Ph.D. 


The following papers were read in title: 

“The rate of viscous flow of metals: Part II, lead’, by L. C. Tyrs, Ph.D., 
F.inst.P. . 

“The thermal and electrical conductivities of carbon and graphite to high 
temperatures”, by R. W. POWELL, B.Sc., Ph.D. and F. H. ScHoFIE.p, B.A., D.Sc. 

“The variation with temperature of the electrical resistance of carbon and 
graphite between 0° and goo® C.”’, by L. J. Cottier, D.F.C., M.A., W. S. STILEs, 
Ph.D. and W. G. A. Tay Lor. 

“The scattering of fast 8 particles by xenon nuclei”, by R. L. SEN Gupta, 
M.Sc. 


The following demonstration was given: 


A normal-incidence vacuum grating spectrograph and a small heavy-current 
hydrogen discharge tube, by W. R. S. Garton, B.Sc., A.R.C.S. 


g December 1938 


The meeting was held at 7 p.m., at the Institution of Electrical Engineers, 
Savoy Place, Victoria Embankment, London, W.C. 2. 

The meeting took the form of a joint discussion with the Meter and Instrument 
Section of the Institution of Electrical Engineers. 

Dr C. V. Dryspa.e, C.B., O.B.E., M.I.E.E. opened the discussion, of which 
the subject was “‘Electro-acoustics’’. 


20 December 1938 


M. Blackman, H. A. T. Dyke-Hart, A. D. Misener and W. Railston were elected 
to be Fellows. 

It was announced that Council had elected the following to be Student Members: 
W. D. H. Blackman, F. D. Brown, A. Horseman, J. Hutchinson, D. G. Jones, 
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G. F. G. Knipe, H. R. L. Lamont, B. P. Mullins, S. Paterson, A. W. Pryce; 
W. C. Morgan. 

An address on “The structure of proteins” was delivered by IRviNc LANGMUIR, 
M.A., D.Sc., LL.D., For.Mem.R.S. 


The following papers were read in title: 

“Emission of negative ions from oxide cathodes”, by L. F. BRoapway, Ph.D. 
and A. F. Pearce, Ph.D., A.Inst.P. 

“The conductivity of thin films of thallium on a pyrex-glass surface”’, by 
J. R. Bristow. 

“The band spectrum of antimony fluoride (SbF)”, by H. G. Howe t, Ph.D. 
and G. D. Rocuester, Ph.D. 

“The adsorption of oxygen and hydrogen on platinum, and their removal 
by positive-ion bombardment”’, by C. W. OaTLey. 


“The investigation of electron lenses”, by O. KLEMPERER, D.Sc. and W. D. 
WriGutT, A.R.C.S., D.Sc. 


3, 4, 5 fanuary 1939 
The Twenty-ninth Annual Exhibition of Scientific Instruments and Apparatus 
was held at the Imperial College of Science and ‘Technology. 


The following discourses were delivered: 

“The cyclotron and its applications”, by J. D. Cockcrorr, M.A., M.Sc., 
F.Inst.P., F.R.S., on Tuesday, 3 January 1939. 

‘‘Geophysical research in polar regions”’, by C. S. WRIGHT, C.B., O.B.E., M.A., 
on Wednesday, 4 January 1939. 


13 January 1939 
The prizes and certificates awarded for the T’enth Competition in Craftsmanship 
and Draughtsmanship were presented. 
An address on “Physics and physicists of the eighteen-seventies”’ was delivered 
by Sir J. AMBROsSE FLEMING, M.A., D.Sc., F.R.S., who in 1874 read the first paper 
at the inaugural meeting of the Society. 


The following papers were read in title: 


‘‘A study of the atmospheric corrosion of metals and alloys at different tempera- 
tures by electron diffraction”, by M. Bounp, Ph.D. and D. A. Ricwarps, M.Sc., 
ARGS: 


“The effect of cooling and of magnetic fields on crystal rectification”, by 
M. A. EL SHERBINI, M.Sc., Ph.D. and Y. L. Youszr, B.Sc. 


“Some investigations of the spectral sensitivity of selenium-rectifier photo- 
electric cells”, by G. P. BaRNarD, B.Sc., A.Inst.P. 
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“Ultra-violet band systems of silicon monoselenide and monotelluride”’, by 
R. F. Barrow, B.Sc. 


“Apparatus for electron-diffraction at high temperatures”, by R. Jackson 
and A. G. QUARRELL, B.Sc., Ph.D., F.Inst.P. 


27 Fanuary 1939 

F. W. Chapman and H. L. Green were elected to be Fellows. The following were 
transferred from student membership to fellowship: G. L. J. Bailey, P. S. Brown, 
m. EH. Cooke, R. C. Parker, D. H. Parnum. 

It was announced that Council had elected the following to be Student Members: 
ia Day, G. i. F. Fertel OC. G, Fitzpatrick, 1. Hutchinson, A. CvReid s. G: 
Tomlin. 

The meeting took the form of a joint discussion with the Royal Astronomical 


Society on “The expanding universe”, opened by Professor G. TEMPLE and 
Die U. Mcvirire. 


10 February 1939 


L. H. Bainbridge-Bell, E. A. Guggenheim and A. H. Haworth were elected to be 
Fellows of the Society. The following were transferred from student membership 
to fellowship: G. E. Ashwell, R. Bruce, E. W. Foster, K. A. Harwood, G. J. Kynch, 
J. L. Michiels, I. W. Ramsay, E. E. Widdowson. 


The following papers were read: 

‘““Note on the bar pendulum”, by D. Owen, B.A., D.Sc., F.Inst.P. With 
demonstration. 

‘Simple demonstration of the Peltier effect with approximate measurement”. 
by A. CampsBeLL, M.A. With demonstration by L. Hartsuorn, D.Sc. 

“Further measurement of the thermal and electrical conductivity of iron at 
high temperatures”, by R. W. Powe Lt, Ph.D. 


The following papers were read in title: 

“Mutual and self inductors compensated for change of frequency”’, by A. 
CaMPBELL, M.A. 

“The electrical resistance of nickel amalgams”’, by L. F. Bares, D.Sc., F.Inst.P. 
and J. H. PRENTICE, B.Sc. 

“An x-ray study of lattice distortion in copper, nickel and rhodium”, by 
G. W. BrinbLey, M.Sc., Ph.D. and P. Ripiey, Ph.D. 


24 February 1939 


K. H. Waters and E. J. Whitmore were transferred from student membership 


to fellowship, and E. 'T. Purslow was elected to be a F ellow. 
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It was announced that Council had elected D. S. Box and G. R. Nicholson to 
be Student Members. 


The following papers were read: 


“The diffraction of electrons by anthracene”, by A. CHARLESBY, G. I. FINCH, 
F.R.S. and H. Witman, Ph.D. 


“Theory of the width of rings formed by electron-diffraction”, by G. P. 
Tuomson, M.A., F.R.S. and M. Biackman, M.Sc., Ph.D. 


“Apparatus for electron-diffraction at high temperatures”, by R. JACKSON 
and A. G. QuarRELL, Ph.D., F.Inst.P. 
The following paper was read in title: 


“Spreading of paraffin oils containing fatty acids on aqueous solutions of 
calcium ions”’, by E. H. MERcEr. 


10 March 1939 
Annual General Meeting 
The minutes of the previous Annual General Meeting were read and accepted 
as correct. 
The reports of the Council and the Hon. Treasurer were adopted. 
The officers and Council for 1939-40 and the auditors were elected. 


Votes of thanks were accorded to the retiring officers and Council and to the 
Governors of the Imperial College of Science and Technology. 


Extraordinary General Meeting 


Professors P. Debye and J. Perrin were elected to be Honorary Fellows. 


Ordinary Meeting 


H. Kolsky was transferred from student membership to fellowship, and J. Sayers 
and K. E. Spells were elected to be Fellows. 

The following paper was read: 

‘A falling-weight time switch: its standardization and application to the deter- 
mination of the time constant of an inductive circuit”, by E. J. Irons, Ph.D., 
F.Inst.P. and G. A. BENNETT, B.Sc. 

The following papers were read in title: 

“On the theory of electronic semi-conductors”, by B. R. A. N1Borr. 

‘“Shear-stress systems and combined stress”, by J. J. Gugst. 


A demonstration of the Volta contact electromotive force was given by J. NIcoL, | 


B.A., B.Sc. 


AY 
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24 March 1939 


Geoffrey Wilmot Lobb was elected to be a Fellow. 
The Sixteenth Duddell Medal was presented to Mr Ropert W. Paut, M.I.E.E. 


The Thomas Young Oration was delivered by Major-General M. N. Macteop, 
D.S.O., M.C., A.D.C., of the Ordnance Survey, Southampton, who took as his 
subject “Some recent developments in British surveying instruments’’. 


20 April 1939 
An evening meeting was held at the British Scientific Instrument Research 
Association, 26 Russell Square, London, W.C. 1, by kind invitation of Mr A. J. 
Philpot, Director of Research and Secretary. 
Exhibits of graticules and coloured eyeshell glasses were arranged by the 
B.S.1.R.A. 
A discussion on “‘ Lens computing”’ was opened by L. J. Comrts, M.A., Ph.D. 


28 April 1939 
A. A. Nasr and Evan James Williams were elected to be Fellows. It was an- 
nounced that Council had elected Edward Victor Denis Glazier to be a Student 
Member. 


The following paper was read: 
‘““A new method of creating electrification”, by Sir AMBROSE FLEMING, M.A. | 
D.Sc., F.R.S. With demonstration. 


The following papers were read in title: 

“‘Ultra-high-frequency resonances in the positive-grid triode”, by A. C. 
CHIPMAN. 

‘Measurements of the intensity-distribution of the white x radiation reflected 
from a crystal; with a note on the dispersion of the atomic scattering factor of zinc 
near the K absorption edge’’, by J. C. M. Brentano, J. HONEYBURNE and J. K. 
BERRY. 

“The third spark spectrum of krypton, Kr 1v”’, by A. B. Rao and S. G. Krisu- 
NAMURTY. 

““CN and AIO bands in the carbon arc’’, by N. R. Tawpe and S. A. TRIVEDI. 

A demonstration of the preparation and properties of photo-conductive crystals 
of the alkali halides was given by W. R. S. Garton, B.Sc., A.R.C.S. 
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4 May 1939 

The meeting was held in the lecture theatre of the Royal Institution, 21 Albe- 
marle Street, London, W. 1, by the courtesy of the Managers, and took the form 
of a joint discussion with the Chemical Society and the Royal Meteorological 
Society on ‘‘The upper atmosphere.”’ 

Professor F. A. Panetu, Ph.D. opened the discussion and spoke on “Direct 
chemical investigations”. 

The following also took part, and at the end of their contributions the subject 
was thrown open to general discussion: 

Professor S. CHapMaN, F.R.S. “‘ Spectroscopic and other evidence as to chemical 
composition and dissociation.” 

Dr G. M. B. Dosson, F.R.S. ‘‘ The vertical distribution of ozone.” 

Dr F. J. W. Wurepte, M.A. “Direct measurements and sound evidence.” 

Professor F. A. LINDEMANN, F.R.S. ‘‘ Meteor evidence.” 

Professor E. V. APPLETON, F.R.S. ‘‘ Radio evidence.” 


12 May 1939 


Harry Schecter was transferred from student membership to fellowship, and 
George Henry Briggs and David Brunt were elected to be Fellows. 
The following paper was read: 


‘“A machine for the rapid summation of Fourier series”, by C. A. BEEVERs, 
D.Sc., F.Inst.P. With demonstration. 


A discussion followed this paper and was opened by L. J. Comrir, M.A., Ph.D. 
The following paper was read: 

“The structure of silver films”’, by O. Gocue and H. Wi_man, Ph.D., F Inst.P. 
The following papers were read in title: 


“The reproducibility of the platinum thermocouple at the freezing points of | 
gold, silver and antimony”, by M. DE SELINcourt, B.A. 


“Sensitivity of photographic films to x-radiation at very low temperatures”’, 
by J. REEKIE. 


“Comparison of cosmic-ray showers underground and at sea-level”, by D. H. 
FOLLETT, NACo. Inst-P% 


‘A note on the structure of insulin”, by I. Lancmurr and D. WrRINcH. 


26 May 1939 


The meeting was held in the Physics Department, Bedford College, Regent’s 
Park, N.W. 1, by kind invitation of Professor W. Wilson. 


Proceedings at meetings XV 


Christopher Noel Hunter Lock and Percival Albert Sheppard were elected to 


be Fellows, and Thomas Henry Redding was transferred from student membership 
to fellowship. 


It was announced that Council had elected Henry Llewellyn Hackforth and 
Bernard W. Soole to student membership. 


The following papers were read: 
“On the scattering of 8 particles by atomic nuclei”, by W. T. Davies, M.A. 
“The Principles of Fermat and Hamilton”, by W. Witson, F.R.S. 


The following papers were read in title: 


‘Note on the confirmation of the height-gain diffraction analysis on medium 
waves”, by T. L. EckersLey, F.R.S. and G. MiLuincton, M.A. 

“The effect of the Lorentz polarization term in ionospheric calculations”, 
by J. A. Rarciirre, M.A. 

‘Potential distribution in cylindrical thermionic valves”, by J. CRANK, D. R. 
HarTREE, F.R.S., J. INcHaM and R. W. SLOANE. 


“A new method of determining the properties of dielectrics at centimetre 
wave-lengths”’, by M. VeLasco, D.Sc. and G. L. Hurcuinson, Ph.D. 


3 fune 1939 
By kind permission of Professor A. C. Menzies, M.A., D.Sc., of the Physics 
Department of University College, Southampton, and Major-General M. N. 
MacLeod, D.S.O., M.C., A.D.C., Director of the Ordnance Survey Office, a meeting 
was held at Southampton. The programme was as follows: 
1. (a) Introductory address, and 
(b) The spectroscopic work of the Physics Laboratory, by Professor A. C. 
Menzies, M.A., D.Sc. 
(c) Work on molecular spectra, by H. G. Howe t, Ph.D. 
(d) Determination of specific heats of metals at extreme temperatures, by 
‘PAE HARLE,-D.Se: 
2. (a) Measurement of surface tension by a drop-volume method with a micro- 
meter syringe, and 
(b) Experiments on surface films, by Professor N. K. Apam, M.A., Sc.D., 
EeReS-and) |. 8. E, Gi, B.Se. 
3. The work of the Engineering Department, by Professor 'T’. R. ‘Cave-Brown- 
Caves CBE, 


4. Demonstrations and exhibits in the laboratories by members of the staffs. 
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9 fune 1939 
George Ronald Cooper and Walter S. C. Watkins were elected to be Fellows. 


The following papers were read: 

“A mechanical model illustrating the principle of the cyclotron”, by F. A. B. 
Warp, M.A. Ph.D. With demonstration. 

“Atmospheric disturbances due to thundercloud discharges”, by F. W. 
CHAPMAN, Ph.D. 

“Vibrations of free square plates. Part I: Normal vibrating modes”, by Mary 
D. Wa ter, B.Sc., F.Inst.P. 

The following papers were read in title: 

“The gamma-ray measurement of radium”, by T. H. Oppig, M.Sc. 

“The application of a new photoelectric method to the determination of the 
optical constants of some pure metals’, by J. Bor, A. Hopson and C. Woop. 

“The optical constants of copper-nickel alloys”, by J. Bor, A. Hopson and 
C. Woop. 


“The electrical resistance of ferromagnetic amalgams”, by L. F. Bares, 
D.Sc.; Ph.D., F.Inst.P. and W. P. FLETCHER. 


23 fune 1939 

The following papers were read: 

“The velocity-distribution in a liquid-into-liquid jet. Part II: The plane jet”’, 
by E. N. pa C. ANpRaDE, F.R.S. 

“The relative luminosity of radiation for the average photometric observer, 
Part II’’, by J. S. Preston, M.A. 

The following papers were read in title: 

“Oblique refraction through a cylinder’’, by H. W. Ler, B.A. 


‘Some investigations on the influence of the angle of light incidence on the light 
diffraction by supersonic waves”’, by E. A. Neumann, D.Phil. 


“The diurnal variation of absorption of wireless waves”, by F. W. G. Wuire, 
M.Sc., Ph.D. and T. W. Straxer, M.Sc. 


‘The intermediate ions of the atmosphere”, by A. R. Hocc, M.Sc. 


‘Note on the dispersion of a prism”, by F. E. Surron, B.Sc. and A. Harvey, 
PhD: 


“Further results on the magnetism of the palladium and platinum triads of 
elements”, by B. CaBrera and A. DupERIER. 


A demonstration of the winding and adjustment of resistance coils of precision 
was given by D. C. Gatt, F-.Inst.P. 
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12, 12,13 July 1930 

An informal conference on internal strains in solids was held at the H. H. 
Wills Physical Laboratory, University of Bristol, under the joint auspices of the 
Physical Society and the University of Bristol. 

The following subjects were discussed: 

“Slip in metal crystals.” 

‘* Diffusion in solids.” 

‘Precipitation hardening.” 

‘Recrystallization and effect of grain size on mechanical properties of solids.” 

“Internal friction in solids.” 

‘The magnetization curve of ferromagnetic materials.” 

The following took part in the discussion: E. N. da C. Andrade, R. Becker, 
A. J. Bradley, W. L. Bragg, G. W. Brindley, J. M. Burgers, W. G. Burgers, 
B. Chalmers, P. Ewald, G. I. Finch, M. Gayler, H. Jones, J. E. Lennard-Jones, 
D. A. Oliver, E. Orowan, G. D. Preston, E. C. Stoner, C. Sykes, G. I. Taylor, 
W. A. Wood. 
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ANNUAL GENERAL MEETING 


AN annual general meeting was held at the Imperial College of Science and Technology 
on 11 March 1938, for the presentation and adoption of the Reports of the Council and 
the Honorary Treasurer and for the election of Officers and Council. 


SCIENCE MEETINGS 


During the period under review twenty science meetings were held, of which seventeen 
were occupied by demonstrations, papers and discussions, and three by the Guthrie 
Lecture and special Addresses. Twelve demonstrations were given, 27 papers were read 
and discussed, and 55 papers were read in title only, the total number of papers presented 
being larger by eighteen than in the corresponding period of 1937-38. ; 

Sixteen of the meetings took place in the Physics Department of the Imperial College, 
by kind permission of the Rector and Governing Body and of Professor G. P. Thomson ; 
one meeting for papers on optical subjects alone was held in the evening of 2 June 1938 in 
the rooms of the Royal Society, by the courtesy of the President and Council; and a science 
meeting was held in the lecture theatre of the Cavendish Laboratory on the occasion of the 
visit to Cambridge on 18 June 1938, by the kind invitation of the Acting Director, Professor 
E. V. Appleton. 

Three of the meetings were held jointly with other Societies for the discussion of 
selected subjects: (1) with the Chemical Society in the rooms of that Society, Burlington 
House, on 17 March 1938, for a discussion on “‘ Electron diffraction and surface structure ”’, 
opened by Professor G. I. Finch; (ii) with the Meter and Instrument Section of the 
Institution of Electrical Engineers, at the Institution, Savoy Place, on g December 1938, 
for a discussion on “‘Electro-acoustics”, opened by Dr C. V. Drysdale; and (iii) with the 
Royal Astronomical Society, at the Imperial College on 27 January 1939, for a discussion 
on “The expanding universe”, opened by Professor G. Temple and Dr G. C. McVittie. 

The programme card for the session 1938-39 represents a departure from previous 
practice in that it indicates in advance the nature of the scientific business to be transacted 
at each meeting in the session. 

The Council has recently decided that in the session 1939-40 two or more evening 
science meetings will be held at centres outside London. 


SUMMER MEETING AT CAMBRIDGE 


The Summer Meeting took place at Cambridge on 18 June 1938, when three parties 
of members of the Society and their friends visited (i) the Radio Research Field Station and 
the Solar Physics Observatory, by invitation of Professor E. V. Appleton and Professor 
F, J. M. Stratton, (ii) the works of the Cambridge Instrument Company, Ltd., by the 
courtesy of the Directors, and (iii) the Cambridge University Press, by kind invitation 
of the Syndics. Lunch was taken at St John’s College, by kind permission of the Master 
and Fellows. A science meeting was held at the Cavendish Laboratory, where short 
addresses were given by Professor E. V. Appleton, Dr J. D. Cockcroft and Mr P. I. Dee. 
This was followed by a tour of the Cavendish and Royal Society Mond Laboratories 
arranged by Mr J. A. Ratcliffe, during which demonstrations of the high-voltage installa- 
tion, the cyclotron, and the cryogenic and other investigations in the laboratories were 
given by members of the staff. 
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GULTHRIE-LECTURE 


The twenty-third Guthrie Lecture was delivered on 11 November 1938 at the Imperial 
College by Professor A. V. Hill, who took as his subject “The transformations of energy 
and the mechanical work of muscles”’. 


SPECIAL ADDRESSES 


An Address on “The structure of proteins” was given by Dr Irving Langmuir on 
20 December 1938; it was followed by a discussion. 

An Address on “Physics and physicists of the eighteen-seventies”? was given on 13 
January 1939 by Sir Ambrose Fleming, who is now the only survivor of the ninety-nine 
original members of the Physical Society of London, and who had read the first paper at 
its inaugural meeting on 21 March 1874. This paper is being reprinted, together with the 
Address, in the present volume of the Proceedings. The Address was recorded by the 
British Broadcasting Corporation, and parts of it were broadcast later in the evening. 


DUDDELL MEDAL 


The fifteenth Duddell Medal, the award of which was announced in the previous 
report of the Council, was presented on 13 May 1938 to Professor Hans Geiger of Tiibingen 
University in recognition of his invention and subsequent improvement of his ionization 
counters. 

The Council has awarded the sixteenth Duddell Medal to Mr Robert W. Paul for his 
work on the invention and design of scientific instruments and apparatus, notably the type 
of intermittent motion commonly used in cinematograph projection, unipivot electrical 
measuring instruments, and the Bragg-Paul pulsator for prolonged artificial respiration. 


CHARLES CHREE MEDAL AND PRIZE 


Through the generosity of Miss Jessie S. Chree of Edinburgh, a memorial to her 
brother, the late Charles Chree, Sc.D., F.R.S., a Past President of this Society, is to be 
founded. It is to take the form of an award known as the Charles Chree Medal and Prize, 
which is to be made, without restriction as to nationality, at intervals of not less than two 
years for distinguished research in one or more of the branches of knowledge in which 
Dr Chree was especially interested. At Miss Chree’s request the Council has undertaken 
to administer the prize fund and make the award from time to time, and has appointed a 
committee to consider the regulations which shall govern the award. 


HERBERT SPENCER BEQUEST 


During the period under review the Council has received and considered one application 
for a research grant from a Fellow of the Society. No grant has been made. 

The neutron source, which, as was stated in the previous report, the Council had 
decided to purchase, was received in June 1938 and loaned to Professor G. P. Thomson. 
It consists of 100 milligrammes of radium in the form of the chloride mixed with 600 
milligrammes of beryllium in a sealed monel metal container. 

About 20 volumes have been purchased for the Joint Library of the Physical Society 
and the Institute of Physics. 


PROGRESS REPORTS 
Volume 5, which was recently published, is even more comprehensive in scope than 
the four preceding volumes. The sales of Volumes 3 and 4 have been highly satisfactory. 
The stock of copies of Volumes 1 and 2 is exhausted; copies of these volumes offered for 
sale in good condition will be repurchased by the Society. 


XXil Report of Council 


ANNUAL EXHIBITION 


The Twenty-ninth Annual Exhibition of Scientific Instruments and Apparatus was 
held on 3, 4 and 5 January 1939 at the Imperial College, by the courtesy of the Governing 
Body. The attendance during the three days was about 8700. ; Re 

Eighty-one firms exhibited their products in the Trade Section ; in addition three firms 
displayed technical literature. The Research and Educational Section contained con- 
tributions from twenty-seven University laboratories, research associations, Government 
and industrial laboratories, and private individuals. As in previous years, an Apprentices 
and Learners’ Competition in craftsmanship and draughtsmanship was held in conjunction 
with the exhibition, and the work entered for the competition was on view. The prizes 
and certificates awarded in the competition were presented to successful candidates at the 
meeting on 13 January 1939. 

The following discourses were delivered during the exhibition: 

‘The cyclotron and its applications”, by J. D. Cockcroft, M.A., Ph.D., F.R.S. 
‘‘Geophysical research in polar regions”, by C. S. Wright, C.B., O.B.E., M.A. 


As in previous years, permission was given to the Institute of Physics to publish these 
discourses in the February number of the Fournal of Scientific Instruments. 


PEDAGOGIC PAPERS 


The Council has decided that papers dealing with matters of a purely pedagogic nature 
may be accepted for publication in the Proceedings, provided that they do not exceed four 
pages (about 2200 words) and are of the standard of University instruction. As far as 
possible these papers will be grouped together in one part of each volume of the Pro- 
ceedings. 


REPRESENTATION OF THE SOCIETY 
The Physical Society has been represented on other bodies as follows: 


British National Committee for Physics: Mr J. H. Awbery, Mr T. Smith, Professor 
A. M. Tyndall. 

British National Committee for Scientific Radio: Professor E. V. Appleton, Professor 
L. S. Palmer. 

Committee of Management of Science Abstracts: Professor A. Ferguson, Mr J. H. Awbery, 
Dr W. Jevons, Dr D. Owen. 

Board of the Institute of Physics: Dr D. Owen, Dr A. B. Wood. 

British Standards Institution Committee for Photographic Standardisation and Preparation 
of Standards for Sensitometry: Dr R. W. B. Pearse. 

British Standards Institution Committee on Methods for the Measurement of Flow and 
Pressure of Gases and of Temperature: Dr E. Griffiths. 

British Standards Institution Committee on Units and Data: Dr H. T. Flint. 

Geophysical Committee of the Royal Astronomical Society: Dr F. J. W. Whipple. 

Joint Deputation to the Postmaster General regarding the Suppression of Electrical 
Interference with Radio: Professor E. V. Appleton, Professor G. I. Finch, Dr D. Owen. 


The Society has also been represented at the following functions: 

British Standards Institution Conference on the Standardisation of Insulation and 
Hardboard, 24 March 1938: Mr J. H. Awbery. 

Benjamin Franklin Celebrations at the Franklin Institute, Philadelphia, 19-21 May 1938: 
Professor W. F. G. Swann. 


University of St Andrews Celebration on 5 July 1938 of the 300th Anniversary of the Birth 
of Professor James Gregory: Professor E. Taylor Jones. 


Report of Council XXiil 


La Semaine Internationale contre le Cancer, 23-30 November, in Paris, for the commemor- 
ation of the discoveries of Radium, Hertzian Waves, x Rays and Electrons: Professor 


G. P. Thomson. 
© Bui UEAURSY: 


The Council records with deep regret the deaths of Dr C. E. Guillaume and Dr G. E. 
Hale, who were Honorary Fellows; and of the following. Fellows: Mr D. Baxandall, 
Monsieur A. Callier, Mr A. M. Codd, Dr J. E. R. Constable, Mr P. A. Cooper, Mr R. 
Kanthack, Dr L. Lownds, Sir Robert Mond, Professor A. W. Porter, Dr S. Rideal, 
Mr F. R. C. Rouse, Professor W. Stroud, Mr T. Smithies Taylor, Dr A. E. H. Tutton. 


MEMBERSHIP ROLL AT 31 DECEMBER 1938 


Total Total 
a1 Deer 1937 Changes during 1938 31 Dec. 1938 
Honorary Fellows II Deceased ae we 2 9 
Honorary Fellows 7 = 7 
(Optical Society) | 
| Ex-officio Fellows | | . 4 
Ordinary Fellows 940 Elected er ahs 40 
Student transfers... 6 
46 
| Deceased Aas se 
| Resigned or lapsed... 32 
46 
Net change — 940 
Student Members 79 Elected ee Pee ae 
| Transferred ... eet 
Resigned or lapsed... 15 
21 
Net change ... a v2 gi 
Total Membership | IO4I | Net increase ... os fe) IOSI 
Le J us 


REPORT OF THE HONORARY TREASURER 
FOR THE YEAR ENDED 31 DECEMBER 1938 


THE accounts show an excess of expenditure over income of £122. 6s. 8d. This is 
largely accounted for by the increase in the cost of printing and steps have been 
taken to effect economies in this direction. The publication of the Annual Reports 
on Progress in Physics has continued without charge on the general funds of the 
Society. 


The unexpended balance of the Herbert Spencer Bequest now amounts to 
£581. 17s. od., of which about £543 has been allocated. 


No change has been made in the Society’s investments. These have been valued 
at market prices on 31 December 1938, through the courtesy of the Manager of 
the Charing Cross Branch of Westminster Bank, Ltd. 


(Signed) C. C. PATERSON 
Honorary Treasurer 


2 March 1939. 
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LIFE COMPOSITION FUND ON 321 DECEMBERMOc6 


J & Gh, 
38 Fellows paid £10 380 0 0 
1 Fellow paid £15. LoenOmO | 
14 Fellows paid £21 ’ 294 0 O 1 
26 Fellows paid £31. 10s. 819 0 O | 
£1508 0 0 | 


SPECIAL FUNDS 


We ES LAN DEY SiR Us DekUiIND 


GS eh Lies 
Carried to Balance Sheet . 228 0 O | £800 Southern Railway Preferred Ordinary 
Stock . 172 OW 
£442 Southern Railway Deferred Ordinary 
Stock 
£228 0 0 


DUDDELL MEMORIAL TRUST FUND 


CAPITAL 
TE Ke 
Carried to Balance Sheet . 395 0 0 | £400 War Loan Inscribed “B” Account . 
REVENUE 
Le Sones 
Engraving Medal é 2 2 0 | Balance on 31 December 1937 . 
Honorarium to Medallist . 15 0 O | Interest ; 
Balance carried to Balance Sheet 216 9 | 
£19 18 9 | 


OPTICAL CONVENTION, 1926, TRUST ACCOUNT 


d. 
2 


fe Ss 
Transferred to Accumulated Fund . piles Balance on 31 December 1937 . 


INKS Nin SKCOMME IRIS O WIS Sar 


d. 


Lees 
Balance carried to Balance Sheet iS) ila ial 


Balance on 831 December 1937 . 


“PROGRESS REPORTS” RESERVE-ACCOUNT 


d. 
0 


Se 


Balance carried to Balance Sheet | Balance on 31 December 1937 . 


HERBERT SPENCER LEGACY 


I Bs eh 
Furniture and Library 44 16 10 | Balance on 31 December 1937. 
Purchase of radium . 402 14 6 
Balance carried to Balance Sheet 581 17 O 
£1029 8 4 £1029 8 
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THE PROCEEDINGS OF THE PHYSICAL SOCIETY 


THE PHYSICAL SOCIETY 


Wie of the Society is open to all who are interested in Physics. FELLOWS 


may attend all meetings of the Society, and, subject to certain conditions, 
they are entitled to receive Publications 1, 2, 3 and 4 below, as issued. Persons 
under twenty-six years of age may become STUDENT members. Students receive the 
Proceedings and Agenda Paper, and may obtain the other publications at special rates. 


1. The Proceedings of the Physical Society, published six times annually, contains original 
papers, lectures by specialists, reports of discussions and of demonstrations, and reviews. 


2. Science Abstracts A, published monthly in association with the Institution of Electrical ; 
Engineers, covers practically the whole field of contemporary physical research. 


3. The Reports are critical monographs on special subjects, prepared by experts and issued 
from time to time by the Society. 


4. The Agenda Paper, issued fortnightly during the session, keeps members informed of the 
programmes of future meetings and business of the Society generally. 


5. Science Abstracts B (ordinary subscription 30/- per annum), which covers in Electrical 
Engineering a field similar to that covered by Science Abstracts A in pure physics, may be 
obtained by Fellows for a nominal subscription of 10/- per annum, 


SOME SPECIAL PUBLICATIONS 
REPORTS ON PROGRESS IN PHysics. Vol. III, 20s. post free; Vol. IV, 20s. post free; Vol. V, 20s. 
post free 
REPORT ON THE TEACHING OF GEOMETRICAL OPTICS. Price 6s. 
REPORT ON BAND SPECTRA OF DIATOMIC MOLECULES. By W. JEVONS, D.Sc. Price 17s. 6d. 


THE DECIMAL BIBLIOGRAPHICAL CLASSIFICATION OF THE INSTITUT INTERNATIONAL DE 
BIBLIOGRAPHIE. By PROF, A. F. C. POLLARD. In cloth, 7s. 6d. 


Postage is charged extra, except where prices are quoted post free 


MEETINGS 


The Society holds meetings for the reading and discussion of papers, for experimental 
demonstrations and for special lectures, including the GUTHRIE LECTURE, given annually 
by a physicist of international reputation, in memory of the founder of the Society, and the 
THOMAS YOUNG ORATION, given bi-annually. In addition, a Provincial meeting is generally 
arranged once a year. 


APPLICATIONS FOR MEMBERSHIP 


A candidate for election to FELLOWSHIP must as a rule be recommended by three Fellows, 
to two of whom he is personally known. A candidate for STUDENT membership must be 
recommended from personal knowledge by a Fellow. 


SUBSCRIPTIONS 


Fellows pay an Entrance Fee of £1. 1s. and an Annual Subscription of £2. 2s. Students pay 
only an Annual Subscription of 10s. 6d. No entrance fee is payable by a Student on transfer to 


Fellowship. 


Further information may be obtained from the 


ASSISTANT SECRETARY, THE PHYSICAL SOCIETY 
1 LOWTHER GARDENS, EXHIBITION RoaD, LONDON, S.W.7 
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-Moulders to the 
Tratle since 1899 


Mouldings in Bakelite and other syn- 
thetic resins, also.in ERONESTOS 


MOULDINGS plastic compositions, as used in the — 
IN BAKELITE, f manufacture of electrical and other 
BEETLE, RESIN scientific instruments. =~ 
‘“M” and other = 
SYNTHETICS 

e 


Since 1899 we have supplied many customers 
PLASTIC whom weare still serving satisfactorily. Such long 
continued business is the result of two things— 

MOULDINGS — the excellent QUALITY of our mouldings and our 
in grades to unfailing DELIVERY SERVICE. The services of 
resist Water, Acid, our Technical Staff are available for advice on 


: any matters relating to design, etc. 
Heat, Alkali - : . 


° Let us know your requirements. Telephone, 
and Oil. 
and one of our trained representatives will call to | 
- tity—we can quote special mass-production prices. : “4 
7 | % > | | 


INDUSTRIES LIMITED 


regarding mouldings of any description or quan- _ 
EXCELSIOR WORKS, ROLLINS STREET, LONDON, S.E.15 


Telephone: NEW CROSS 1913 (6 lines) ae: | 
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